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Preface 


The decades since World War II have seen an explosion of research on the 
history of ancient and medieval science. Much of this research is stunning 
in quality, and it has greatly enriched our understanding of early Western 
science. However, the broad synthetic and interpretive efforts needed to 
communicate the fruits of this research to a larger readership have been 
surprisingly meager. Indeed, while the curve of research publications con- 
tinues to rise, the production of books broad in coverage and addressed 
to the general educated reader and scholars specializing in other fields 
seems to be declining. 

A brief survey of the available literature on ancient and medieval science 
may help to make the point. The first substantial, knowledgeable, postwar 
account of ancient and medieval science appeared in a book by E. J. Dijk- 
stechuis, published originally in Dutch as Mechanisering van bet Wereld- 
beeld (1950), subsequently translated into English as The Mechanization of 
the World Picture (1961). By the time the English translation of Dijksterhuis 
became available, Alistair Crombie’s Augustine to Galileo (1952) had al- 
ready been around for nearly a decade, helping to fuel a growing sense of 
purpose and excitement among historians of medieval science. Perhaps 
Crombie's success frightened off the competition. Whatever the reason, 
nearly twenty years passed before the appearance of another synthetic 
work on medieval science: Edward Grant's brief Physical Science in the 
Middle Ages (1971), followed three years later by Olaf Pedersen and Mogens 
Pihl’s Early Physics and Astronomy: A Historical Introduction (1974), both 
books restricted (as their titles indicate) to the physical sciences. Nothing 
has appeared since Pedersen and Pihl except the collection prepared 
under my editorship, Science in the Middle Ages (1978), which marshaled 
the talents of sixteen distinguished historians of medieval science to inter- 
pret the current state of the field for a relatively advanced audience. Al- 
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though many of the essays contained in Science in the Middle Ages retain 
their authoritative status, the book as a whole suffers from a lack of unity, 
gaps in coverage, and (increasingly) old age. 

The only books thus far mentioned that deal more than incidentally with 
ancient science are those of Dijksterhuis and of Pedersen and Pihl. For 
better or for worse, ancient science and medieval science have developed 
separate identities and separate interpretive literatures. Benjamin Far- 
rington’s Greek Science (two parts, published in 1944 and 1949, respec- 
tively) led the way on the history of Greek science. This was soon 
supplanted by the authoritative book of Marshall Clagett, Greek Science in 
Antiquity (1957). Giorgio de Santillana’s The Origins of Scientific Thought 
followed in 1961. Roman science received separate treatment in William H. 
Stahl’s Roman Science (1962). And in the early 70s G. E. R. Lloyd produced 
two widely praised volumes—E£arly Greek Science: Thales to Aristotle 
(1970) and Greek Science after Aristotle (1973)—which have held the field 
unchallenged for the past two decades. 

Twenty years after Lloyd and forty years after Crombie (the last author to 
offer broad coverage of medieval science) does not seern too soon for a 
new attempt. The present book is a product of that conviction. 1 do not 
expect this book to replace its predecessors, particularly Lloyd’s excellent 
volumes, but to achieve certain other goals. First, 1 have endeavored to 
take into account a considerable body of research that was nat available to 
my predecessors. (For example, about two-thirds of the items in the bibli- 
ography at the back of this book were not available to Lloyd and Grant in 
the early 70s.) Second, by conjoining ancient and medieval science in a 
single volume, I have gained the opportunity to examine questions of 
continuity between ancient and medieval science in ways discouraged by 
separate treatment of the two halves, and also to raise problems of trans- 
mission that are otherwise apt to disappear into the crack. 

Third, as the subtitle of this book is meant to suggest, 1 believe that I 
have more persistently attempted to place ancient and medieval science in 
philosophical, religious, and institutional (largely educational) context 
than have the authors of previous surveys. 1 am hardly the first to keep an 
eye on philosophical context. But I do not believe there is any other mod- 
ern survey that has taken seriously the religious context and done so with- 
out embarrassment and without an apologetic or polemical agenda. If I 
have made any original contribution, this is probably where it lies. 

My aim in this book is synthetic rather than encyclopedic. 1 endeavor to 
be broad in reach, confronting the major themes in the history of ancient 
and medieval science, while supplying enough reliable factual data to 


. ae 


Preface xvii 


meet the needs of the reader who at the outset knows nothing about the 
subject, I have, of course, built on the accumulated scholarship of the past, 
but I have not hesitated to offer new interpretations and fresh judgments 
on old historical disputes. I have doubtless been more dependent on exist- 
ing interpretive traditions for ancient science (where, in all honesty, I am 
an interested outsider) than for medieval science (my home ground). And, 
of course, I do not claim to have gotten all of it “right”—or even to have 
asked all of the right questions—on either the ancient or the medieval pe- 
riod; my hope is that this book will be received as a contribution to a con- 
tinuing dialogue on the subjects it addresses. 

I have written with a diverse audience in mind. Passages in which 1 lec- 
ture the reader on the proper ways of doing history and warn against a 
variety of perils (one reader of the manuscript has twitted me for the fre- 
quency of “anti-Whig inoculation”) will be immediately recognizable as 
the products of long classroom experience; and it is my hope that this 
book will indeed prove suitable for classroom use. I am also hopeful that it 
will serve the general educated reader and historians who do not spe- 
cialize in the history of ancient and medieval science. 

Finally, two remarks about endnotes and bibliography. First, I have used 
the notes not only for purposes of documentation and acknowledgment of 
scholarly debt, but also as an opportunity for a running bibliographical 
commentary, in which I suggest sources (frequently at an advanced level) 
where the subject at hand may be fruitfully pursued. Second, in both the 
notes and the bibliography I have (with the student audience and the gen- 
eral reader in mind) heavily emphasized English-language literature. 
Sources in foreign languages are included only where it seems to me there 
is nothing comparable in English. 


Nobody covers a subject as large as this one without a great deal of help, 
and I am profoundly indebted to friends and colleagues who have done 
their best to instruct me in the intricacies of their various specialties and 
rescue me from confusion and error. I have not always been an apt pupil, 
and some will still find in this book interpretations that they do not like. 

Every chapter has been read and commented upon by colleagues knowl- 
edgeable in its subject matter. My greatest debt is to four people who read 
the manuscript from beginning to end and helped me to see its most glaring 
deficiencies: Michael H. Shank, Bruce S, Eastwood, Robert J. Richards, and 
Albert Van Helden. Others who read one or more chapters in their areas 
of expertise are: Thomas H. Broman, Frank M. Clover, Harold J. Cook, 
William J. Courtenay, Faye M. Getz, Owen Gingerich, Edward Grant, R. 
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Stephen Humphreys, James Lattis, Fannie J. LeMoine, James Longrigg, Peter 
Losin, A. G. Molland, William R. Newman, Franz Rosenthal, A. I. Sabra, 
George Saliba, John Scarborough, Margaret Schabas, Nancy G. Siraisi, Peter 
Sobol, Edith D. Sylla, the late Victor E. Thoren, Sabetai Unguru, Heinrich 
von Staden, and David A. Woodward. The manuscript was evaluated for 
classroom use, or given actual test runs in the classroom, by several schol- 
ars; for their feedback, I wish to thank Edward B. Davis, Frederick Gregory, 
Edward J. Larson, Alan J. Rocke, and Peter Ramberg. For help in identifying 
and obtaining illustrations I am indebted to Bruce S. Eastwood, Owen Gin- 
gerich, Edward Grant, John E. Murdoch, and David A. Woodward. And for 
maps, I thank the University of Wisconsin Cartographic Laboratory. If this 
list is remarkable for its length, 1 can only explain that I needed all the help 
I could get. 

The idea for this book emerged from discussions at the University of 
Florida in the spring of 1986 about a possible history of science textbook 
project; for inspiration and encouragement I would like to thank Frederick 
Gregory (the moving force behind the meeting) and other discussants, in- 
cluding William B. Ashworth, Richard Burkhardt, Thomas L. Hankins, and 
Frederic L. Holmes. The book was written during my term as director of 
the Institute of Research in the Humanities at the University of Wisconsin. 
It is unlikely that the project would have remained on course without the 
unfailing efficiency of my administrative assistant, Loretta Freiling, and the 
steadfast encouragement and support of colleagues in the Humanities In- 
stitute and the Department of the History of Science. The book was 
finished during a month’s residency at the Bellagio Study and Conference 
Center of the Rockefeller Foundation; I am indebted to the foundation and 
to the directors of the Bellagio Center, Francis and Jackie Sutton, for 
providing an incomparable setting in which to reflect and write. And fi- 
nally, 1 am deeply grateful for the forbearance of my wife, Greta, and my 
son, Erik, who served as unpaid consultants on prose style and know this 
book as a series of disconnected fragments, not in any particular sequence. 
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ONE 
Science and Its Origins 


WHAT IS SCIENCE? 


‘The nature of science has been the subject of vigorous debate for cen- 
tucies—a debate conducted by scientists, philosophers, historians, and 
other interested parties. Although no general consensus has emerged, sev- 
eral conceptions of science have attracted powerful support. (1) One view 
holds science to be the pattern of behavior by which humans have gained 
control over their environment. Science is thus associated with craft tradi- 
tions and technology, and prehistoric people are regarded as having con- 
tributed to the growth of science when they learned how to work metals 
or engage in successful agriculture. (2) An alternative opinion distin- 
guishes between science and technology, viewing science as a body of 
theoretical knowledge, technology as the application of theoretical knowl- 
edge to the solution of practical problems. On this view, the technology of 
automobile design and construction is to be distinguished from theoreti- 
cal mechanics, aerodynamics, and the other theoretical disciplines that 
guide it; and only the theoretical disciplines are to count as “sciences.” 
Those who adopt this second approach, viewing science as theoretical 
knowledge, do not generally wish to concede that all theories (regardless 
of their character or content) are scientific; and for such people the task of 
definition has just begun. If they wish to exciude certain kinds of theories, 
they must propose criteria by which to judge one theory scientific and an- 
other unscientific. (3) It has become quite popular, therefore, to define 
science by the form of its statements—universal, law-like statements, pref- 
erably expressed in the language of mathematics. Thus Boyle’s law (formu- 
lated by Robert Boyle in the seventeenth century) states that the pressure 
in a gas is inversely proportional to its volume if everything else remains 
constant. (4) If this seems too restrictive a criterion, science can be defined 
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instead by its methodology. Science is thus associated with a particular set 
of procedures, usually experimental, for exploring nature’s secrets and 
confirming or disconfirming theories about her behavior. A claim is there- 
fore scientific if and only if it has an experimental foundation. (5) Such a 
definition, in turn, yields easily to attempts to define science by its epis- 
temological status (that is, the kind of warrant its claims are held to pos- 
sess) or even the tenacity with which its practitioners hold its doctrines. 
Thus Bertrand Russell has argued that “it is not what the man of science 
believes that distinguishes him, but bow and why he believes it. His beliefs 
are tentative, not dogmatic; they are based on evidence, not on authority or 
intuition.”’ Science on this view is a privileged way of knowing and of justi- 
fying one's knowledge. 

(6) In many contexts science is defined not by its methodology or 
epistemological status, but by its content. Science is thus a particular 
set of beliefs about nature—more or less the current teachings of physics, 
chemistry, biology, geology, and the like. By this test, belief in alcherny, 
astrology, and parapsychology is unscientific. (7) The terms “science” and 
“scientific” are often applied to any procedure or belief characterized by 
rigor, precision, or objectivity. Sherlock Holmes, according to this usage, 
adopted a scientific approach to the investigation of crime. (8) And finally, 
“science” and “scientific” are often simply employed as general terms of 
approval—epithets that we attach to whatever we wish to applaud. 

What this brief and incomplete survey demonstrates is something that 
should perhaps have been obvious from the beginning—namely, that 
many words (including most of the interesting ones) have multiple mean- 
ings, varying with the particular context of usage. These meanings are 
sometimes mutually compatible and complementary, sometimes not. 
Moreover, it seems futile to attempt to eliminate diversity of usage. After 
all, language is not a set of rules grounded in the nature of the universe, 
but a set of conventions adopted by a group of people; and every meaning 
of the term “science” discussed above is a convention accepted by a siz- 
able community, which is unlikely to relinquish its favored usage without a 
fight. Or to put the point in a slightly different way, lexicography must be 
pursued as a descriptive, rather than a prescriptive, art. We must acknowl- 
edge, therefore, that the term "science" has diverse meanings, each of 
them legitimate. 

Even if we could find a definition of modern science that would satisfy 
everybody, the historian would still face a difficult problem. If the historian 
of science were to investigate past practices and beliefs only insofar as 
those practices and beliefs resemble modern science, the result would be 
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a distorted picture. Distortion would be inevitable because science has 
changed in content, form, method, and function; and therefore the histo- 
rian would not be responding to the past as it existed, but looking at the 
past through a grid that does not exactly fit. If we wish to do justice to the 
historical enterprise, we must take the past for what it was. And that means 
that we must resist the temptation to scour the past for examples or pre- 
cursors of modern science. We must respect the way earlier generations 
approached nature, acknowledging that although it may differ from the 
modern way, it is nonetheless of interest because it is part of our intellec- 
tual ancestry. This is the only suitable way of understanding how we be- 
came what we are. The historian, then, requires a very broad definition of 
"science”—one that will permit investigation of the vast range of practices 
and beliefs that lie behind, and help us to understand, the modern scien- 
tific enterprise. We need to be broad and inclusive, rather than narrow and 
exclusive; and we should expect that the farther back we go, the broader 
we will need to be? 

This admonition is particularly important for anybody embarking on a 
study of the ancient and medieval worlds. If we were to restrict our atten- 
tion to anticipations of modern science, we would be focusing on a very 
narrow range of activity, no doubt distorting it in the process, and over- 
looking many of the very beliefs and practices of ancient and medieval cul- 
ture that should be the object of our study—those that will help us to 
understand the development, much later, of modern science. 

I will do my best to heed my own advice in the pages that follow, adopt- 
ing a definition of science as broad as that of the historical actors whose 
intellectual efforts we are attempting to understand. This does not mean, of 
course, that all distinctions are forbidden. I will distinguish between the 
craft and theoretical sides of science—a distinction that many ancient and 
medieval scholars would themselves have insisted upon—and I will focus 
my attention on the latter” The exclusion of technology and the crafts from 
this narrative is not meant as a commentary on their relative importance, 
but rather as an acknowledgment of the magnitude of the problems con- 
fronting the history of technology and its status as a distinct historical spe- 
cialty having its own skilled practitioners. My concern will be with the 
beginnings of scientific Hougbr, and that will prove quite a sufficient 
challenge. 

A final word about terminology. Up to now E have consistently employed 
the term “science.” The time has come, however, to introduce the alter- 
native expressions “natural philosophy” and “philosophy of nature,” 
which will also appear frequently in this book. Why are these new expres- 
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sions needed, and what are they meant to convey? The term “science” has 
connotations, both ancient and modern, that differentiate it somewhat 
(and in some contexts) from the subjects to which our investigation is di- 
rected. The modern term has all of the ambiguity sketched above, and the 
ancient terms (scientia in latin, epistemé in Greek) were applicable to any 
system of belief characterized by rigor and certainty, whether or not it had 
anything to do with nature. It was thus common in the Middle Ages to refer 
to theology as a science (scientia). This book will explore ancient and 
medieval attempts to investigate nature, and the least ambiguous name 
for that enterprise was and is “natural philosophy” or “philosophy of 
nature.” 

But it is important that we not construe the use of these latter expres- 
sions as a demotion of the medieval investigation of nature from “scien- 
tific” to some lesser status. We would do well to remember that natural 
philosophy was the intellectual venture to which so important a scientific 
luminary as Isaac Newton (late seventeenth century) assigned his own 
work, entitling his great book on mechanics and gravitational theory The 
Mathematical Principles of Natural Philosophy. Natural philosophy, the in- 
vestigation of nature, was conceived by Newton, as by his ancient and me- 
dieval predecessors, to be an integral part of the larger philosophical 
exploration of the total reality that humans confront. 

In this book I will employ a diverse vocabulary, making practical conces- 
sions to the heterogeneity of customary usage. I will make regular use of 
the expression “natural philosophy,” either to denote the scientific enter- 
prise as a whole or to signify its more philosophical side. The term “sci- 
ence” will also be employed, most often as a synonym for “natural 
philosophy,” sometimes to designate the more technical aspects of natural 
philosophy, and occasionally simply because conventional usage calls for 
that term in a certain context. There will be ample talk simply of “philoso- 
phy,” for there is no hope of understanding natural philosophy if we ig- 
nore the larger enterprise to which it belonged. And, of course, I will make 
frequent reference to the subdisciplines of natural philosophy, the specific 
sciences: mathematics, astronomy, physics, optics, medicine, natural his- 
tory, and the like. Careful attention to context should make the meaning 
clear in every case, 


PREHISTORIC ATTITUDES TOWARD NATURE 


From the beginning, the survival of the human race has depended on its 
ability to cope with the natural environment. Prehistoric people developed 
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impressive technologies for obtaining the necessities of life. They learned 
how to make tools, start fires, obtain shelter, hunt, fish, and gather fruits 
and vegetables. Successful hunting and food-gathering (and, after about 
7000 or 8000 s.c., settled agriculture) required a substantial knowledge of 
animal behavior and the characteristics of plants. Ata more advanced level, 
prehistoric people learned to distinguish between poisonous and thera- 
peutic herbs. They developed a variety of crafts, including pottery, weav- 
ing, and metalworking. By 3500 they had invented the wheel. They were 
aware of the seasons and perceived the connection between the seasons 
and certain celestial phenomena. In short, they knew a great deal about 
their environment. 

But the word “know,” seemingly so clear and simple, is almost as tricky 
as the term “science”; indeed, it brings us back to the distinction between 
technology and theoretical science, discussed above, It is one thing to 
know how to do things, another to know why they behave as they do. One 
can engage in successful and sophisticated carpentry, for example, without 
any theoretical knowledge of stresses in the timbers one employs. An elec- 
trician with only the most rudimentary knowledge of electrical theory can 
successfully wire a house. It is possible to differentiate between poisonous 
and therapeutic herbs without possessing any biochemical knowledge that 
would explain poisonous or therapeutic properties. The point is simply 
that practical rules of thumb can be effectively employed even in the face 
of total ignorance of the theoretical principles that lie behind them. You 
can have “know-how” without theoretical knowledge. 

It should be clear, then, that in practical or technological terms, the 
knowledge of prehistoric humans was great and growing. But what about 
theoretical knowledge? What did prehistoric people “know” or believe 
about the origins of the world in which they lived, its nature, and the 
causes of its numerous and diverse phenomena? Did they have any aware- 
ness of general laws or principles that governed the particular case? Did 
they even ask such questions? We have very little evidence on the subject. 
Prehistoric culture is by definition oral culture; and oral cultures, as long 
as they remain exclusively oral, leave no written remains, However, an ex- 
amination of the findings of anthropologists studying preliterate tribes in 
the nineteenth and twentieth centuries, along with careful attention to 
remnants of prehistoric thought carried over into the earliest written 
records, will allow us to formulate a few tentative generalizations. 

Critical to the investigation of intellectual culture in a preliterate society 
is an understanding of the process of communication. In the absence of 
writing, the only form of verbal communication is the spoken word; and 
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the only storehouses of knowledge are the memories of individual mem- 
bers of the community. The transmission of ideas and beliefs in such a cul- 
ture occurs only in face-to-face encounter, through a process that has been 
characterized as “a long chain of interlocking conversations” between 
its members. The portion of these conversations considered important 
enough to remember and pass on to succeeding generations forms the 
basis of an oral tradition, which serves as the principal repository for the 
collective experience and the general beliefs, attitudes, and values of 
the community.‘ 

There is an important feature of oral tradition that demands our atten- 
tion—namely, its fluidity. Oral tradition is typically in a continuous state of 
evolution, as it absorbs new experiences and adjusts to new conditions 
and needs within the community. Now this fluidity of oral tradition would 
be extremely perplexing if the function of oral tradition were conceived to 
be the communication of abstract historical or scientific data—the oral 
equivalent of a historical archive or a scientific report. But an oral culture, 
lacking the ability to write, certainly cannot create archives or reports; in- 
deed, an oral culture lacks even the idea of writing and must therefore 
lack even the idea of a historical archive or a scientific report.’ The pri- 
mary function of oral tradition is the very practical one of explaining, and 
thereby justifying, the present state and structure of the community, sup- 
plying the community with a continuously evolving “social charter.” For 
example, an account of past events may be employed to legitimate current 
leadership roles, property rights, or the present distribution of privileges 
and obligations. And in order to serve this function effectively, oral tradi- 
tion must be capable of adjusting itself fairly rapidly to changes in social 
structure.’ 

But here we are principally interested in the content of oral traditions, 
especially those portions of the content that deal with the nature of the 
universe—the portions, that is, which might be thought of as the ingre- 
dients of a worldview or a cosmology. Such ingredients exist within every 
oral tradition, but often beneath the surface, seldom articulated, and al- 
most never assembled into a coherent whole. It follows that we must be 
extremely reluctant to articulate the worldview of preliterate people on 
their behalf, for this cannot be done without our supplying the elements 
of coherence and system, thereby distorting the very conceptions we are 
altempting to portray. We may, nonetheless, formulate certain conclusions 
about the ingredients or elements of worldview within preliterate oral tra- 
ditions. (The conclusions that follow are based on a mixture of evidence 
from prehistoric cultures and contemporary preliterate societies and, un- 
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Jess there is explicit warning to the contrary, should be taken to apply to 
hoth settings.) co 

Ic is clear that preliterate people, no less than those of us who live in a 
modern scientific culture, have a need for explanatory principles capable 
of bringing order, unity, and especially meaning to the apparently random 
and chaotic flow of events. But we should not expect the explanatory prin- 
ciples accepted by preliterate people to resemble ours: lacking any con- 
ception of “laws of nature” or deterministic causal mechanisms, their ideas 
of causation extend well beyond the sort of mechanical or physical action 
acknowledged by modern science. It is natural that in the search for mean- 
ing they should proceed within the framework of their own experience, 
projecting human or biological traits onto objects and events that seem to 
us devoid not only of humanity but also of life. Thus the beginning of the 
universe is typically described in terms of birth, and cosmic events may be 
interpreted as the outcome of struggle between opposing forces, one 
good: and the other evil. There is an inclination in preliterate cultures not 
only to personalize but also to individualize causes, to suppose that things 
happen as they do because they have been willed to do so. This tendency 
has been described by H. and H. A. Frankfort: 


Our view of causality . . . would not satisfy primitive man be- 
cause of the impersonal character of its explanations. It would 
not satisfy him, moreover, because of its generality. We under- 
stand phenomena, not by what makes them peculiar, but by 
what makes them manifestations of general laws, But a gen- 
eral law cannot do justice to the individual character of each 
event. And the individual character of the event is precisely 
what early man experiences most strongly. We may explain 
that certain physiological processes cause a man’s death, Prim- 
itive man asks: Why should sis man die thus at this moment? 
We can only say that, given these conditions, death will always 
occur. He wants to find a cause as specific and individual as 
the event which it must explain. The event . . . is experienced 
in its complexity and individuality, and these are matched by 
equally individual causes.” 


Oral traditions typically portray the universe as consisting of sky and 
earth, and perhaps also an underworld. An African myth describes the 
earth as a mat that has been unrolled but remains tilted, thereby explain- 
ing upstream and downstream—an illustration of the general tendency to 
describe the universe in terms of familiar objects and processes, Deity is 
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an omnipresent reality within the world of oral waditions, though in gen- 
eral no clear distinction is drawn between the natural, the supernatural, 
and the human; the gods do not transcend the universe but are rooted in it 
and subject to its principles. Belief in the existence of ghosts of the dead, 
spirits, and a variety of invisible powers, which magical ritual allows one to 
control, is another universal feature of oral tradition. Reincarnation (the 
idea that after death the soul returns in another body, either human or ani- 
mal) is widely believed in. Conceptions of space and time are not (like 
those of modern physics) abstract and mathematical, but are invested with 
meaning and value drawn from the experience of the community. For ex- 
ample the cardinal directions for a community whose existence is closely 
connected to a river might be “upstream” and “downstream,” rather than 
north, south, east, and west. Some oral cultures have difficulty conceiving 
of more than a very shallow past: an African tribe, the Tio, for example, 
cannot situate anybody farther back in time than two generations.® 

There is a strong tendency within oral traditions to identify causes with 
beginnings, so that to explain something is to identify its historical origins. 
Within such a conceptual framework, the distinction that we make be- 
tween scientific and historical understanding cannot be sharply drawn and 
may be nonexistent. Thus when we look for the features of oral tradition 
that count for worldview or cosmology, they will almost always include an 
account of origins—the beginning of the world, the appearance of the first 
humans, the origin of animals, plants, and other important objects, and fi- 
nally the formation of the community. Related to the account of origins is 
often a genealogy of gods, kings, or other heroic figures in the commu- 
nity’s past, accompanied by stories about their heroic deeds. It is important 
to note that in such historical accounts the past is portrayed not as a chain 
of causes and effects that produce gradual change, but as a series of de- 
cisive, isolated events, by which the present order came into existence? 

These tendencies can be illustrated with examples from both ancient 
and contemporary oral cultures. According to the twentieth-century Kuba 
of equatorial Africa, 


Mboom or the original water had nine children, all called 
Woot, who in turn created the world. They were, apparently 
in order of appearance: Woot the ocean, Woot the digger, 
who dug riverbeds and trenches and threw up hills; Woot the 
flowing, who made rivers flow; Woot who created the woods 
and savannas; Woot who created the leaves; Woot who created 
the stones; Woot the sculptor, who made people out of 
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wooden balls; Woot the inventor of prickly things such as fish, 
thorns, and paddles; and Woot the sharpener, who first gave 
an edge to pointed things. Death came to the world when a 
quarrel between the last two Woots led to the demise of one 
of them by the use of a sharpened point.” 


Notice how this tale not only accounts for the origin of the human race and 
the major topographical features of the Kuba world, but also explains the 
invention of what the Kuba clearly considered a critically important tool— 
the sharpened object. 

Similar themes abound in early Egyptian and Babylonian creation 
myths. According to one Egyptian account, in the beginning the sun-god, 
Atum, spat out Shu, the god of air, and Tefnut, the goddess of moisture. 
Thereatter, 


Shu and Tefnut, air and moisture, gave birth to earth and sky, 
the earth-god Geb and the sky-goddess Nur. . . . Then in their 
turn Geb and Nut, earth and sky, mated and produced two 
couples, the god Osiris and his consort Isis, the god Seth and 
his consort Nephthys. These represent the creatures of this 
world, whether human, divine, or cosmic.” 


A Babylonian myth attributes the origin of the world to the sexual activity 
of Enki, god of the waters. Enki impregnated the goddess of the earth or 
soil, Ninhursag. This union of water and earth gave rise to vegetation, rep- 
resented by the birth of the goddess of plants, Ninsar. Enki subsequently 
mated first with his daughter, then with his granddaughter, to produce 
various specific plants and plant products. Ninhursag, angered when Enki 
devoured eight of the new plants before she had the opportunity to name 
them, pronounced a curse on him. Fearing the consequences of Enki’s de- 
mise (apparently the drying up of the waters), the other gods prevailed 
on Ninhursag to withdraw the curse and heal Enki of the various ailments 
induced by the curse, which she did by giving birth to eight healing de- 
ities, each associated with a part of the body—thus accounting for the ori- 
gin of the healing arts.” 

It will be convenient to pause for a moment on the healing arts, which 
can serve to illustrate some of the characteristics of oral cultures. There 
can be no doubt that healing practices were extremely important in an- 
cient oral cultures, where primitive conditions made disease and injury 
everyday realities.” Minor medical problems, such as wounds and lesions, 
were no doubt treated by family members. More dramatic ailments— 
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major wounds, broken bones, severe and unexpected illness—might re- 
quire assistance from somebody with more advanced knowledge and 
skill. A certain amount of medical specialization thus came into existence: 
some members of the tribe or the village became known for their herb- 
gathering ability, their proficiency in the setting of bones or the treatment 
of wounds, or their experience in assisting at childbirth. 

But so described, the primitive medicine practiced in preliterate so- 
cieties sounds remarkably like a rudimentary version of modern medicine, 
A more careful look reveals the healing arts within oral cultures to be in- 
separable and indistinguishable from religion and magic. The wise woman 
or the “medicine man” was valued not simply for pharmaceutical or sur- 
gical skill, but also for knowledge of the divine and demonic causes of dis- 
ease and the magical and religious rituals by which it could be treated. If 
the problem was a splinter, a wound, a familiar rash, a digestive complaint, 
or a broken bone, the healer responded in the obvious way—by removing 
the splinter, binding the wound, applying a substance (if one were known) 
that would counteract the rash, issuing dietary prohibitions, and setting 
and splinting the broken limb. But if a family member became myste- 
riously and gravely ill, one might suspect sorcery or invasion of the body 
by an alien spirit. In such cases, more dramatic remedies would be called 
for—exorcism, divination, purification, songs, incantations, and other ritu- 
alistic activities. 

There is one last feature of belief in oral cultures (both ancient and con- 
temporary) that demands our attention—namely, the simultaneous accep- 
tance of what seem to us incompatible alternatives, without any apparent 
awareness that such behavior could present a problem. Examples are in- 
numerable, but it may suffice to note that the story of the nine Woots re- 
lated above is one of seven (or more) myths of origin that circulate among 
the Kuba, while the Egyptians had a variety of alternatives to the story of 
Atum, Shu, Tefnut, and their offspring; and nobody seems (or seemed) to 
notice, or else to care, that all of them could not be true. Add to this the 
seemingly “fanciful” nature of many of the beliefs described above, and we 
inevitably raise the question of “primitive mentality”: do the members of 
preliterate societies possess a mentality that is prelogical or mystical or in 
some other way different from our own; and, if so, exactly how is this men- 
tality to be described and explained?" 

This is an extremely complex and difficult problem, which has been 
hotly debated by anthropologists and others for the better part of the twen- 
tieth century, and I am not likely to resolve it here. But I can at least offer a 
word of methodological advice: namely, that it is wasted effort, contribut- 
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ing to the cause of understanding, to spend time wish- 
Sa land po le would employ (or had employed) a conception 
ing that preliterate peop ES 
and criteria of knowledge that they have (or had) never encountere a 

eption, in the case of prehistoric people, that was not invented until 
Ba ies jater. We make no progress by assuming that preliterate people 
ie trying, but failing, to live up to our conceptions of knowledge and 
truth. It requires only a moment of reflection to realize that they must have 
been operating within quite a different linguistic and conceptual world, 
and with different purposes; and it is in the light of these that their achieve- 
ments must be judged. 

The stories embodied in oral traditions are intended to convey and 
reinforce the values and attitudes of the community, to offer satisfying ex- 
planations of the major features of the world as experienced by the com- 
munity, and to legitimate the current social structure; stories enter the oral 
tradition (the collective memory) because of their effectiveness in achiev- 
ing those ends, and as long as they continue to do so there is no reason to 
question them. There are no rewards for skepticism in such a social setting 
and few resources to facilitate challenge. Indeed, our highly developed 
conceptions of truth and the criteria that a claim must satisfy in order to be 
judged true (internal coherence, for example, or correspondence with an 
external reality) do not generally exist in oral cultures and, if explained to 
a member of an oral culture, would probably seem quite useless. Rather, 
the operative principle among preliterates is that of sanctioned belief— 
the sanction in question emerging from community consensus.” 

Finally, if we are to understand the development of science in antiquity 
and the Middle Ages, we must ask how the preliterate patterns of belief 
that we have been examining yielded to, or were supplemented by, a new 
conception of knowledge and truth (represented most clearly in the prin- 
ciples of Aristotelian logic and the philosophical tradition it spawned). The 
decisive development seems to have been the invention of writing, which 
occurred in a series of steps. First there were pictographs, in which the 
written sign stood for the object itself. Around 3000 s.c. a system of word 
signs (or logograms) appeared, in which signs were created for the impor- 
tant words, as in Egyptian hieroglyphics. But in hieroglyphic writing, signs 
could also stand for sounds or syllables—the beginnings of syllabic writ- 
ing. The development of fully syllabic systems about 1500 r.c. (that is, 
systems in which all nonsyllabic signs were discarded) made it possible 
and, indeed, reasonably easy for people to write down everything they 
could say. And finally fully alphabetic writing, which has a sign for each 
sound (both consonants and vowels), made its appearance in Greece 
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about 800 s.c. and became widely disseminated in Greek culture in the 
sixth and fifth centuries.'* 

One of the critical contributions of writing, especially alphabetic writ- 
ing, was to provide a means for the recording of oral traditions, thereby 
freezing what had hitherto been fluid, translating fleeting audible signals 
into enduring visible objects.” Writing thus served a storage function, re- 
placing memory as the principle repository of knowledge. This had the 
revolutionary effect of opening knowledge claims to the possibility of in- 
Spection, comparison, and criticism. Presented with a written account of 
events, we can compare it with other (including older) written accounts of 
the same events, to a degree unthinkable within an exclusively oral cul- 
ture. Such comparison encourages skepticism and, in antiquity, helped to 
create the distinction between truth, on the one hand, and myth or legend, 
on the other; that distinction, in turn, called for the formulation of criteria 
by which truthfulness could be ascertained; and out of the effort to formu- 
late suitable criteria emerged rules of reasoning, which offered a founda- 
tion for serious philosophical activity." 

But giving permanent form to the spoken word does not merely encour- 
age inspection and criticism. It also makes possible new kinds of intellec- 
tual activity that have no counterparts (or only weak ones) in an oral 
culture. Jack Goody has argued convincingly that early literate cultures 
produced large quantities of written inventories and other kinds of lists 
(mostly for administrative purposes), far more elaborate than anything an 
oral culture could conceivably produce; and, moreover, that these lists 
made possible new kinds of inspection and called for new thought pro- 
cesses or new ways of organizing thoughts. For one thing, the items in a list 
are removed from the context that gives them meaning in the world of oral 
discourse, and in that sense they have become abstractions. And in this ab- 
stract form they can be separated, sorted, and classified according to a vari- 
ety of criteria, thereby giving rise to innumerable questions not likely to 
be raised in an oral culture. To give a single example, the lists of precise 
celestial observations assembled by early Babylonians could never have 
been collected and transmitted in oral form; their existence in writing, 
which allowed them to be minutely examined and compared, made pos- 
sible the discovery of intricate patterns in the motions of the celestial 
bodies which we associate with the beginnings of mathematical astronomy 
and astrology.” 

Two conclusions may be drawn from this argument. First, the invention 
of writing was a prerequisite for the development of philosophy and sci- 
ence in the ancient world. Second, the degree to which philosophy and 
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science flourished in the ancient world was, to a very significant degree, a 
function of the efficiency of the system of writing (alphabetic writing 
having a great advantage over all of the alternatives) and the breadth of its 
diffusion among the people. We see the earliest benefits of the use of word 
signs or logograms in Egypt and Mesopotamia, beginning about 3000 s.c. 
However, the difficulty and inefficiency of logographic writing inevitably 
limited its diffusion and made it the property of a small scholarly elite. In 
sixth- and fifth-centucy Greece, by contrast, the wide dissemination of al- 
phabetic writing contributed to the spectacular development of philoso- 
phy and science. We must not imagine that literacy was sufficient of itself to 
produce the “Greek miracle” of the sixth and fifth centuries; other factors 
no doubt contributed, including prosperity, new principles of social and 
political organization, contact with Eastern cultures, and the introduction 
ofa competitive style into Greek intellectual life. But surely the most im- 
portant element in the mix was the emergence of Greece as the world’s 
first widely literate culture.” 


THE BEGINNINGS OF SCIENCE IN EGYPT AND MESOPOTAMIA 


f will turn to the Greek world in the next chapter. Before doing so, I must 
touch briefly on pre-Greek developments in Egypt and Mesopotamia (the 
region between the Tigris and Euphrates rivers, site of ancient Babylonia 
and Assyria and of modern Irag—see map 2). 1 have said enough about 
¢reation myths in the preceding section to reveal key features of Egyptian 
and Mesopotamian cosmological and cosmogonical speculation. Here 1 
will restrict myself to the Egyptian and Mesopotamian contribution to sev- 
eral other subjects or disciplines that subsequently found a place within 
Greek and medieval European science: mathematics, astronomy, and 
medicine. The evidence is scanty but sufficient to convey a general picture. 

The Greeks themselves believed that mathematics originated in Egypt 
and Mesopotamia. Herodotus (fifth century B.c.) reported that Pythagoras 
traveled to Egypt, where he was introduced by priests to the mysteries 
of Egyptian mathematics. From there, according to ancient tradition, he 
was carried captive to Babylon, where he came into contact with Babylo- 
nian mathematics. Eventually he made his way home to the island of 
Samos, bearing Egyptian and Babylonian mathematical treasure to the 
Greeks. Whether this and similar tales regarding other mathematicians are 
historically accurate or legendary is less important than the larger truth 
they convey—namely, that the Greeks were (and knew they were) the re- 
cipients of Egyptian and Babylonian mathematical knowledge. 
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By 3000 about s.c., the Egyptians developed a number system that was 
decimal in character, employing a different symbol for each power of 10 
(1, 10, 100, and so forth). These symbols could be lined up, as in Roman 
numerals, to form any desired number. Thus if | represented 1, and N rep- 
resented 10, then the number 34 could be expressed as ININNN. By about 
1800 a,c. additional symbols had been devised for other numbers, so that, 
for example, 7 could be represented by a sickle (2) rather than by seven 
vertical strokes. Addition and subtraction were simple operations in Egyp- 
tian arithmetic, performed as with Roman numerals, but multiplication 
and division were extremely clumsy; and the generalized concept of a frac- 
tion was unknown, the general rule allowing only unit fractions (fractions 
with a numerator of 1). Elementary problems of the following type could 
be solved: if one-seventh of a quantity is added to the quantity, and the sum 
equals 16, how large is the quantity?” 

Egyptian geometrical knowledge seems to have been oriented toward 
Practical problems, perhaps those of surveyors and builders. Egyptians 
were able to calculate the areas of simple plane figures; such as the tri- 
angle and the rectangle, and the volumes of simple solids, such as the pyra- 
mid. For example, to find the area of a triangle they took one-half the 
length of the base times the altitude; and, to find the volume of a pyramid, 
one-third the area of the base times the altitude. For calculating the area of 
a circle, the Egyptians worked out cules that correspond to a value for m of 
about 3.17. Finally, in one of the most obvious areas of applied mathemat- 
ics, the Egyptians devised an official calendar consisting of twelve months 
of thirty days each, plus an additional five days at the end of the year—a 
calendar substantially simpler, because of its fixed character, than contem- 
porary Babylonian calendars and those of the early Greek city-states, which 
attempted to take into account the lunar, as well as the solar, cycle. 

The contemporary mathematical achievement in Mesopotamia was an 
order of magnitude superior to that of the Egyptians. Clay tablets (see 
fig. 1.1) recovered in large quantities reveal a Babylonian number system, 
fully developed by about 2000 n.c., that was simultaneously decimal (based 
on the number 10) and sexagesimal (based on the number 60). We retain 
sexagesimal numbers today in our system for measuring time (sixty mi- 
nutes to an hour) and angles (sixty minutes in a degree and 360 degrees in 
a circle). The Babylonians had separate symbols for 1 (W) and 10 (<@); 
these could be combined like Roman numerals to form numbers up to 59, 
The number 32, for example, would be expressed by three of the tens 
symbol plus two of the units symbol, as in table 1.1. 

But beyond 59 an important difference appears. Instead of forming the 
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Fig. 1.1. A Babylonian clay tablet (ca. 
1900-1600 8,c. ), containing a mathe- 
matical problem text dealing with 
bricks, their volumes, and their cov- 
erage. Yale Babylonian Collection, 
YBC 4607, The text is translated and 
discussed in ©. Neugebauer and 
A. Sachs, eds., Mathematical Cunet- 
form Texts, pp. 91-97. 
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number 60 by lining up six symbols for 10, the Babylonians used a place 
system similar to our own. In our number 234, the numeral 4 (situated in 
the “units column”) signifies simply the number 4; the numeral 3, Situated 
in the tens column represents the number 30; while the numeral 2, situ- 
ated in the hundreds column stands for the number 200. Thus 234 is 200 + 
30 + 4. The Babylonian place system worked similarly, except that suc- 
cessive columns represent powers of 60 rather than powers of 10. Thus in 
the second example in table 1.1, the two unit symbols in the sixties column 
represent not 2, but 2X 60=120; and in the third example the unit symbol 
in the 60? column represents not 1 but 1X 60?=3,600. There was no equiva- 
lent of the decimal point by which to locate the units column, and this 
information would therefore have to be inferred from context. Multiplica- 
tion tablets, tables of reciprocals, and tables of powers and roots were 
used to facilitate calculation. One of the great advantages of the sexagesi- 
mal system was the ease with which calculations could be performed using 
fractions.” 

The full superiority of Babylonian mathematics over its Egyptian coun- 
terpart is evident when we turn to more difficult problems, which we 
would solve algebraically. Historians of mathematics sometimes refer to 
these problems as “algebra,” useful shorthand for this aspect of the 
Babylonian mathematical enterprise, perhaps, but dangerous if it is taken 
to mean that they practiced genuine algebra—that is, that they had a gener- 
alized algebraic notation or an understanding of what we consider al- 
gebraic rules. What we can safely say is that Babylonian mathematicians 
used arithmetical operations to solve problems for which we would em- 
ploy a quadratic equation. For example, we find many Babylonian tablets, 
including teaching texts, demonstrating how to solve problems such as the 
following: given the product of two numbers and their sum or difference, 
find the two numbers.” 

One of the areas to which Babylonians applied their mathematical tech- 
niques was astronomy. The stars have been objects of investigation and 
Speculation since earliest times. Some of our oldest written records, going 
back more than 4,000 years, are astronomical in character. There were sey- 
eral reasons for this interest in the heavens, One was agricultural, for it was 
Obvious even from fairly casual observation that the agricultural seasons— 
the times for planting and harvesting—correspond to the motion of the 
sun and the position of certain stars and constellations in relation to the 
sun. A second reason was religious, for the heavens, especially the sun and 
moon, were usually associated with divinity. A third was astrological. And a 
fourth was calendric. 
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levoted to mapping the heavens—iden- 
eo eee and aB observing their 
ae Si Podi linking their visibility to the seasons. In Mesopotamia, 
Dee, gconomical observation came to be practiced in the temples, 
ic E astrological, and calendric purposes. Temple priests not only 
ad Bee ized stars but also identified the “wandering stars” or plan- 
pat i mets now named Mercury, Venus, Mars, Jupiter, and Saturn. 
eae eee were also considered planets, because they too moved 
oe Ein R the fixed stars.) These seven planets were observed to move 
5: E oh the heavens within the narrow band of the zodiac. By about 
pen Babylonian priests had defined this band and identified the con- 
Binion that mark it off into twelve segments of thirty degrees each, thus 
a a us the signs of the zodiac, Once defined, the zodiac could function 
Be nity measuring system for charting the exact motions of the sun, 
Ee n, and remaining planets, and as a source of astrological predictions.” 
Bee astrological aspect of Babylonian astronomy requires brief mention 
{on astrology, see also below, chap. 11): It is clear that astrological ‘ae 
were a major motivation for the development of Babylonian aia 
astronomy. Out of astral religion—the association of the stars (speci. cal y 
the wandering stars) with the gods—and the obvious fact that San 
events were connected with the seasons and the weather, there develope 
a system of judicial astrology, the attempt to make short-term panon 
affecting the king and the kingdom on the basis of the current rm 
configuration. It is also possible that horoscopic astrology, which pre r 
the course of a person’s life from the celestial configuration at the ume ol 
birth, developed in the late Babylonian period. What is important is that 
both kinds of astrology called for detailed knowledge of solar, lunar, and 
the other planetary motions. Babylonian astrology was transmitted to a 
Greeks, who further developed it and passed it on to the Middle Ages, the 
early modern period, and ultimately the twentieth century. Arena m 
of that long history, it should be naed, the astronomical and astrologi 
iti been intimately linked.’ 
Fe a ae have space to examine the development of Babylonian 
mathematical astronomy in detail. What is important is that in the period 
500-300 n.c., the Babylonian astronomer-priest developed his art to the 
point where he could manipulate large quantities of astronomical data and 
make a variety of astronomical predictions. He had numerical models, m 
the form of arithmetic progressions, that enabled him to chart the daily 
motions of the sun and moon through the zodiac. From such data he could 
predict the first appearance of the new moon (important for the calendar, 
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since the néw moon signified the beginning of a new month); he could 
also predict lunar eclipses and the possibility or impossibility of solar 
eclipses. We must stress that he did this not by the use of geometrical 
models, as Greek astronomers would do, but simply through the use of 
numerical methods that extrapolated past observations into the future? 

The final area of Egyptian and Mesopotamian achievement to be consid. 
ered is medical. A number of Egyptian medical papyri (written in the pe. 
riod 2500-1200 s.c.) have survived, and these offer us a fragmentary 
Picture of the healing arts in ancient Egypt. From several of the papyri it 
becomes clear that a principal cause of disease was thought to be invasion 
of the body by evil forces or Spirits. Relief was to be gained through rituals 
designed to appease or frighten the spirits—exorcism, incantation, pu- 
rification, or the wearing of an appropriate amulet. The gods could be ap- 
pealed to for protection: a Prayer to the god Horus, found in the Leyden 
Papyrus, reads in part, “Hail to thee, Horus . . .. [come to thee, I praise thy 
beauty: destroy thou the evil that is in my limbs.”” Certain gods came es- 
pecially to be associated with healing functions or healing cults: Thoth, 
Horus, Isis, and Imhotep. The view that each bodily organ was ruled by a 
specific god, who could be invoked for healing of that organ, seems to 
have been widespread. And all of this ritual, of course, required the assis- 
tance of an expert who was of acknowledged purity, who knew the re- 
quired incantations, and who could assure that the ricual was properly 
performed to the smallest detail; this was the priest-healer. 

Healing therapies in ancient Egypt were not limited to prayer, incanta- 
tion, and ritual, Pharmacological remedies, prepared from animal, vegetable, 
or mineral substances, were also widespread—though their effectiveness 
was believed to be conditional on having been prepared and administered 
under appropriate ritual conditions. The Ebers papyrus (written about 
1600 n.c., but containing material copied from much older texts) contains 
medical recipes for dealing with diseases of the skin, eyes, mouth, ex- 
tremities, digestive and reproductive systems, and other internal organs; 
for treating wounds, burns, abscesses, ulcers, tumors, headaches, swollen 
glands, and bad breath.» 

Surgery is dealt with in another papyrus, known as the Edwin Smith pa- 
pyrus (written about the same time as the Ebers papyrus), which contains a 
surgical manual that systematically describes the treatment of wounds, 
fractures, and dislocations (see fig. 1.2).” One of the notable features of the 
Ebers and Edwin Smith Papyri is the careful arrangement of case studies, 
beginning with a description of the problem and proceeding to diagnosis, 
verdict (as to whether or not the ailment is treatable), and treatment. 
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Fig. 1.2. A column from the Edwin Smith Surgical Papyrus (ca. 1600 n.c), now in the New York 
Academy of Medicine. 
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Mesopotamian medicine displays many of the same characteristics as 
Egyptian healing practices. Babylonian clay tablets, like Egyptian papyri 
contain case studies, systematically organized by type, many of them a 
vealing careful observation of symptoms and intelligent prognosis. Mes À 
poramian healers displayed equal skill in surgery and the preparation 2 
pharmaceutical remedies. As in Egypt, a certain amount of medical şı x 
cialization developed—different categories of healers coming to Ba 
somewhat different specialties and functions, And again we find agin 
intimately mingled with religion and with Practices that we would a 
view as magical. Disease was regarded as the result of invasion of the b 
by evil spirits (owing to fate, carelessness, sin, or sorcery). Therapy 
oun elimination of the invading spirit through divination ie 

in, E i ica i 
Bee g aa peanon of astrological omens), sacrifice, prayer, and 
This brief sketch of Egyptian and Mesopotamian contributions to mathe- 
matics, astronomy, and the healing arts offers us a glimpse of the begin. 
nings of the Western scientific tradition, as well as a context within a 
to view the Greek achievement. There is no doub: that the Greeks were 
aware of the work of their Egyptian and Mesopotamian predecessors, and 
PREE it. In A chapters that follow, we will see how these na! 
of Egyptian and Mesoj i 
Cai eens potamian thought entered and helped shape 


TWO 


The Greeks and the Cosmos 


THE WORLD OF HOMER AND HESIOD 


We know nothing of Homer, reputed author of two great epic poems, the 
Iliad and the Odyssey. The poems, which recount heroic adventures asso- 
ciated with the closing days and aftermath of the Trojan War between the 
Greeks and Troy, are clearly the products of a long oral tradition, having 
roots that go far back in Greek history to the Mycenean age (before 1200), 
they appear also to have been influenced by non-Greek epic traditions 
from the Near East. They were perhaps committed to writing in the eighth 
century, but whether by one man (Homer) or several remains a matter of 
dispute. Whatever their precise origin, the Jiad and Odyssey became the 
foundation of Greek education and culture and remain among the best 
measures we have of the form and content of ancient Greek thought" 

Alongside Homer we must place Hesiod, who flourished around the 
end of the eighth century. To Hesiod, the son of a farmer, two major poetic 
works are attributed: Works and Days (which includes, among other 
things, a manual of farming) and the 7beogomy, which recounts the origin 
of the gods and the world” Hesiod gave the gods a genealogy and, to- 
gether with Homer, defined their character and the functions over which 
they presided. It was through the joint influence of Homer and Hesiod that 
the twelve gods of Mount Olympus were chosen from a plethora of local 
deities to become the gods of the Greeks. 

Among the Olympians was Zeus, portrayed by Homer and Hesiod as the 
greatest and most powerful of the gods, lord of the sky, god of weather, 
wielder of lightning bolts, upholder of law and morality, and father of 
all. Hera, his sister and wife, presided over weddings and marriage. Po- 
seidon, brother of Zeus, was god of both sea and earth, author of storms 
and earthquakes, Hades, another brother, was lord of the underworld and 


The Greeks and the Cosmos 23 


the dead. Athena, daughter of Zeus, was the goddess of warfare and the 
rotector of cities, while Ares, son of Zeus, was the ruthless god of war. 

In Homer's portrayal, the gods were intimately involved in human af- 
fairs, determining victory, defeat, misfortune, and destiny. Various in- 
stances of divine involvement appear in the Odyssey. Its hero, Odysseus, 
shipwrecked as a cesult of divine wrath and confined for eight years on the 
island of the nymph Calypso, was finally released from imprisonment at 
Zeus’s command and set sail for Ithaca. However, Poseidon, who had not 
been consulted on the release of Odysseus, spotted him on his raft and 
decided to interfere: 


With that he gathered the clouds and troubled the waters of 
the deep, grasping his trident in his hands; and he roused all 
storms of all manner of winds, and shrouded in clouds the 
land and sea: and down sped night from heaven. . . . Posei- 
don, shaker of the earth, stirred against him a great wave, 
terrible and grievous, and vaulted from the crest, and there- 
with smote him. 


And s0 Odysseus made his way home, sometimes aided, sometimes 
thwarted by the gods.’ 

In Hesiod’s Theogony we find a brief history of the world, from pri- 
meval chaos to the orderly rule of Zeus. From chaos arose Gaia ( “broad- 
bosomed earth") and various other offspring, including Eros (love), 
Erebos (a part of the underworld), and darkest Night. Erebos and Night 
mated to produce Day and Aither (or sky). Gaia first bore the starry heaven 
(Ouranos) “to cover her everywhere over and be an ever-immovable base 
for the gods who are blessed. And she bore the high mountains, the 
charming retreats of the goddess nymphs who have their abodes in the 
wooded glens of the mountains. And . . . she brought forth Pontos, the ex- 
haustless sea that rages and waves.’* Gaia (mother earth) proceeded to 
mate with her offspring, Ouranos (father heaven), and from that union 
issued Oceanus (the river that encircles the world, father of all other 
rivers), the twelve Titans, and a collection of monsters, Eventually Kronos, 
one of the Titans, castrated and otherthrew his father, Ouranos; Kronos, in 
turn, was deposed by his son Zeus. Zeus obtained the thunderbolt from 
the Cyclopes and used it to defeat the Titans and establish his own Olym- 


pian rule. 
m Bg 2.1. A bronze statue of Zeus in Even this brief description reveals the chasm separating the world of 
M j f ji s 
e Museo Archeologico, Florence. Homer and Hesiod from that of modern science. Theirs was a world of 
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anthropomorphic deities interfering in human affairs and using humans as 


Fig. 2.2. A shrine to the earth goddess Gaia at Delphi (4th century B.C). 


pawns in their own plots and intrigues. This was inevitably a capriciou: 
world, in which nothing could be safely predicted because of nek 
less Possibilities of divine intervention. Natural phenomena were perso i 
ified and divinized. Sun and moon were conceived as deities, offs ae a 
the union of Theia and Hyperion. Storms, lightning bolts dad cakes 
were not considered the inevitable outcome of impersonal natural for 

but mighty feats, willed by the gods. A Da 

What are we to make of this? Did the ancient Greeks take the stories 

constituting what we now call “Greek mythology” to be true? Did th 
really believe in divine beings, lodged on Mount Olympus = in Gee 
other mysterious place, seducing one another and bedeviling the humai 
who crossed their path? Did nobody doubt that storms and earth ae 
were a result of divine caprice? We have seen in the previous cha sik a 
the discussion of preliterate thought, how difficult these naire ares 
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“wharis clear is that any attempt to measure such beliefs by modern criteria 


Jef scie 
earn something from a 


ntific truth is a sure road to misunderstanding. We can, however, 
glance at contemporary beliefs outside the scien- 
tific realm. When a political candidate, military commander, or profes- 
sional athlete thanks God for victory, does he or she really believe that 


„victory Was supernaturally obtained? The answer is not entirely clear, and 


probably varies from case to case. What seems certain is that the public 
figures in question are not attempting to deal with causal questions in a 
philosophical or scientific manner, and it has probably never occurred to 
them that their assertions might be judged by philosophical or scientific 
criteria. By the same token, although the works of Homer and Hesiod 


‘seem to address questions of causation, we must understand that they 


were not intended as scientific or philosophical treatises. Homer and 
Hesiod—and the bards whose epic poems lie behind theirs—were re- 
cording heroic deeds in order to instruct and entertain; and if we treat 
them as failed philosophers, we will inevitably misunderstand their 
achievement. 

Yet we must not dismiss these ancient sources too quickly. Homer and 
Hesiod, after all, are among the few sources at our disposal that reveal 
anything of archaic Greek thought; and if they do not represent primitive 
Greek philosophy, they were nonetheless central to Greek education and 
culture for centuries and cannot have been without influence on the 
Greek mind. It is abundantly clear that the language and the images people 
employ affect the reality they perceive. If the content of Homer's and 
Hesiod’s poems was not “believed” in the same way as we believe the con- 
tent of modern physics, the mythology of the Olympian gods (not to speak 
of the mythology of local deities) was nonetheless a central feature of 
Greek culture, affecting the way Greeks thought, talked, and behaved. 


THE FIRST GREEK PHILOSOPHERS 


Early in the sixth century, Greek philosophy made its first appearance. This 
was not, as some have portrayed it, the replacement of mythology by phi- 
losophy; for Greek mythology did not disappear but continued to flourish 
for centuries. Rather, it was the appearance of new, philosophical modes of 
thought alongside, or sometimes mingled with, mythology. Simply put, 
Homer and Hesiod were not philosophers and did not practice philoso- 
phy; Thales, Pythagoras, and Heraclitus, while living in a culture still rife 
with mythology, undertook a new kind of intellectual inquiry, which we 
are prepared to call “philosophy.” 

But what were the new modes of thought that we identify as philosophy? 
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A group of thinkers in the sixth century initiated a serious, critical Inquiry 
into the nature of the world in which they lived—an inquiry that has 
stretched from their day to ours. They asked about its ingredients, its Coni- 
position, and its operation. They inquired whether it is made of one thing 
or many. They asked about its shape and location and speculated about its 
origins. They sought to understand the process of change, by which things 
come into being and one thing seems to be transformed into another. 
They contemplated extraordinary natural phenomena, such as earthquakes 
and eclipses, and sought universal explanations applicable not only to a 
particular earthquake or eclipse but to earthquakes and eclipses in gen. 
eral. And they began to reflect on the rules of argumentation and proof 

The early philosophers did not merely pose a new set of questions; they 
also sought new kinds of answers. Personification of nature gradually be- 
came a less prominent feature of their discourse, and the gods disap- 
peared from their explanations of natural phenomena. We have seen the 
mythological approach of Homer and Hesiod: in Hesiod’s Theogony earth 
and sky are regarded as divine offspring. In Leucippus and Democritus, by 
contrast, the world and its various parts result from the mechanical sorting 
of atoms in the primeval vortex. As late as the fifth century, the historian 
Herodotus retained much of the old mythology, sprinkling tales of divine 
intervention through his Histories. Poseidon, by his account, used a high 
tide to flood a swamp the Persians were crossing. And Herodotus regarded 
an eclipse that coincided with the departure of the Persian army for 
Greece as a supernatural omen. The philosophers offered a quite different 
account of floods and eclipses, containing no hint of supernatural inter- 
vention. Anaximander judged eclipses to be the result of blockage of the 
apertures in rings of celestial fire. According to Heraclitus, the heavenly 
bodies are bowls filled with fire, and an eclipse occurs when the open side 
of a bowl turns from us. The theories of Anaximander and Heraclitus do 
not seem particularly sophisticated (fifty years after Heraclitus the phi- 
losophers Empedocles and Anaxagoras understood that eclipses were 
caused simply by cosmic shaclows), but what is of critical importance is 
that they exclude the gods. The explanations are entirely naturalistic; 
eclipses do not reflect personal whim or the arbitrary fancies of the gods, 
but simply the nature of fiery rings or of celestial bowls and their fiery 
contents. 

The world of the philosophers, in short, was an orderly, predictable 
world in which things behaved according to their natures. The Greek term 
used to denote this ordered world was kosmos, from which we draw our 
word “cosmology.” The capricious world of divine intervention was being 
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shed aside, making room for order and regularity; kosmos was being 
ubstitured for chaos, A distinction between the natural and the super- 
accel was emerging; and there was wide agreement that causes (if they 
areto be dealt with philosophically) are to be sought only in the nature of 
things: The philosophers who introduced these new ways of thinking were 


ealled by Aristotle physikoi or physiologoi, from their concern with physis 


or nature. 


THE MILESIANS AND THE QUESTION OF ULTIMATE REALITY 


These philosophical developments seem to have emerged first in Ionia, on 
the west coast of Asia Minor (present-day Turkey, just across the Aegean 
Sea from the Greek mainland; see map 1). There Greek colonists had es- 
tablished thriving cities, such as Ephesus, Miletus, Pergamum, and Smyrna, 
whose prosperity was built on trade and the exploitation of local natural 
resources. Ionia may, like many frontier societies, have encouraged hard 
work and self-sufficiency; in return, it offered prosperity and opportunity. 
it also brought Greeks into contact with the art, religion, and learning of 
the Near East, with which Ionia had cultural, commercial, diplomatic, and 
military contact. Important though these influences undoubtedly were, the 
critical factor was surely the availability of fully alphabetic writing and its 
wide dissemination among the Greek population. The result was a burst of 
creativity in lyric poetry and philosophy. 

The earliest philosophers of whom we have any knowledge were from 
the city of Miletus on the coast of southern lonia. The names Thales, Anaxi- 
mander, and Anaximenes have come down to us from the sixth century, 
Leucippus from the fifth. The available fragments portray the earliest Mile- 
sian philosopher, Thales, as a geometer, astronomer, and engineer. He is 
alleged to have successfully predicted a solar eclipse in 585, however, the 
sources of the legend do not appear particularly reliable, and it is unlikely 
that Greek astronomical knowledge had reached the point in Thales’ life- 
time where such a prediction was possible. Other fragments assign him 
the theory that the earth (a flat disk) floats on water, a notion that may be a 
truer measure of his astconomical and cosmological sophistication.” 

Our knowledge of all of the Milesians is plagued by the problem of 
questionable, fragmentary sources; and we must approach all claims about 
the early Greek philosophers with healthy skepticism, What seems un- 
deniable, however, is their interest in the problem of the fundamental real- 
ity, the basic stuff of which the universe was made or out of which it 
emerged. Aristotle, writing in the fourth century s.c. (with his own axes to 
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Map 1. The Greek World about 450 s.c. 


grind, and in possession of only fragmentary and indirect evidence him- 
self), gave us the following account: 


For the original source of all existing things, that from which 
a thing first comes-into-being and into which it is finally de- 
stroyed, the substance persisting but changing in its qualities, 
this [the first philosophers] declare is the element and first 
principle of existing things, and for this reason they consider 
that there is no absolute coming-to-be or passing away, on the 
ground that such a nature is always preserved.® 
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cording to Aristotle, considered water to be this most fundamen- 
gh Aristotle could do no more than speculate on the rea- 


acc! 


reality, thou 
S3 hat lay behind Thales’ choice. 


ingt 
tlan Milesians of the sixth century, presumably Thales’ students or dis- 


ciples (we have no exact knowledge of their lives), seem to have given 
different answers to the same question. Anaximander (fl. 550), according 
toa variety of late reports, believed the origin of things was to be found in 
the apeiron, the unlimited or boundless—“a huge, inexhaustible mass, 
stretching away endlessly in every direction,” according to one of his mod- 
ern interpreters. From the apeiron emerged a seed, which gave rise to the 
cosmos. Finally, Anaximenes (fl. 545) appears to have argued that the un- 
derlying stuff was air, which can be rarefied or condensed to produce the 
variety of substances found in the world as we know it. It is worth noting 
that the Milesians were materialists and monists: that is, they judged the 
primary substance to be some kind of material stuff, and to be one. 

All of this may seem primitive. And in one sense it is; it cannot be 
equated with, nor does it anticipate, any modern theory. But comparing 
the past with the present is a sure recipe for distorting the achievements of 
the past. When the Milesians are compared with their immediate predeces- 
sors, their importance becomes immediately apparent. In the first place, 
the Milesians asked a new sort of question: what is the origin of things, or 
what is the simple underlying reality that can take on a variety of forms to 
produce the diversity of substances that we perceive? This is a search for 
unity behind diversity and order behind change. Second, the answers 
offered by the Milesians contain none of the personification or deification 
of nature that we saw in Homer and Hesiod. The Milesians left the gods 
out, What they may have thought about the Olympian gods we do not (in 
most cases) know; but they did not invoke the gods to explain the origin 
and nature of things. Third, the Milesians seem to have been aware of the 
need not simply to state their theories, but also to defend them against 
critics or competitors. We thus see the beginnings of a tradition of critical 
assessment.” 

Milesian speculations about the underlying stuff were only the begin- 
ning of a quest that has continued to our own day. In antiquity, the Mile- 
sians were succeeded by various schools of thought. Fifty years later 
Heraclitus (fl. 500) of Ephesus (an Ionian city not far from Miletus) associ- 
ated the origin of things with fire: “this world-order did none of [the] gods 
or men make, but it always was and is and shall be: an everliving fire, kind- 
ling in measures and going out in measures.”” In the second half of the 
fifth century, the materialism of the sixth century was adopted and ex- 
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Fig. 2.3. The ruins of ancient Ephesus, SEF/Art Resource N.Y. 


tended by the atomists Leucippus of Miletus (fl. 440) and Democritus of 
Abdera (fl. 410). Leucippus and Democritus argued that the world ooh 
sisted of an infinity of tiny atoms moving randomly in an infinite void. Th : 
atoms, solid corpuscles too small to be seen, come in an infinitude i 
shapes; by their motions, collisions, and transient configurations, the: i 
count for the great diversity of substances and the complex eee 
that we experience. Leucippus and Democritus even attempted to explain 
the formation of worlds out of vortices or whirlpools of atoms.” 
The atomists offered ingenious accounts of many other natural phenom- 
ena, but we must not allow ourselves to be diverted from the main point, 
What is important about the atomists is their vision of reality as a lifeless 


The Greeks and the Cosmos 31 


piece of machinery, in which everything that occurs is the necessary out- 
of inert, material atoms moving according to their nature. No mind 

ei divinity intrude into this world. Life itself is reduced to the motions 

ne corpuscles. There is no room for purpose or freedom; iron neces- 

sity alone rules. This mechanistic worldview would fall out of favor with 

plato and Aristotle and their followers; but it returned with a vengeance 

qand with a few novel twists) in the seventeenth century and has been a 
erful force in scientific discussions ever since. 

Not all who investigated the underlying stuff were monists or materi- 
alists. Nor were the gods altogether absent from their explanations. Em- 

ocles of Acragas (fi. 450), a rough contemporary of Leucippus in the 
second half of the fifth century, identified four elements or “roots” (as he 
lied them) of all material things: fire, air, earth, and water (introduced in 
mytholog ical garb as Zeus, Hera, Aidoneus, and Nestis). From these four 
roots, Empedocles wrote, “sprang all things that were and are and shall be, 
trees and men and women, beasts and birds and water-bred fishes, and 
the long-lived gods too, most mighty jn their prerogatives. For there are 
these things alone, and running through one another they assume many 
a shape.” But material ingredients alone cannot explain motion and 
change. Empedocles therefore introduced two additional, immaterial prin- 
ciples: love and. strife, which induce the four roots to congregate and 
separate. 

Empedocles was not the only ancient philosopher to include immaterial 
principles among the most fundamental things. The Pythagoreans of the 
sixth and fifth centuries (concentrated especially in the Greek colonies of 
southern Italy and known to us not as individuals but as a “school” of 
thought) seem to have argued, if we understand their doctrine, that the 
ultimate reality is numerical rather than material—not matter, but num- 
ber. Aristotle reports that in the course of their mathematical studies the 
Pythagoreans were struck by the power of numbers to account for phe- 
nomena such as the musical scale. According to Aristotle, “since . . . all 
other things seemed in their whole nature to be modelled after numbers, 
and numbers seemed to be the first things in the whole of nature, they 
supposed the elements of numbers to be the elements of all things, and 
the whole heaven to be a musical scale and a number.”™ Now this is an 
obscure passage, and our uncertainty is compounded by the probability 
that Aristotle did not fully understand the Pythagorean teaching or was not 
altogether fair to it. Did the Pythagoreans literally believe that material 
things were constructed out of numbers? Or did they mean only to claim 
that material things have fundamental numerical properties and that such 
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Properties offer insight into the nature of things? We will never know for 
certain. A sensible reading of the Pythagorean position is that in some 
sense numbers come first, and everything else is their offspring; number ig 
in that sense the fundamental reality, and material things derive their exis. 
tence, or at least their properties, from number. If we wish to be more 
cautious, we can affirm at the very least that the Pythagoreans regarded 
number as a fundamental aspect of reality and mathematics as a basic tool 
for investigating this reality." 


THE PROBLEM OF CHANGE 


Ifthe most prominent philosophical problem of the sixth century was this 
question of the origins and fundamental ingredients of the world, a related 
issue came to dominate the philosophical enterprise in the fifth century. 
When we have truly discovered the fundamental ingredients of the world, 
can there be any doubt that we will find them to be unchangeable? It 
seems not: would something thought to be the ultimate reality be judged 
truly ultimate if it changed form or came into and passed out of existence? 
Would we not insist on explaining change in this entity by reference to 
something even more ultimate? At the end of the explanatory road, there 
must be something fixed and unchangeable. If we agree, then, that the ulti- 
mate reality must be unchangeable, is it possible to account for, or even to 
accept, the reality of change? Is stability at the level of ultimate reality com- 
Patible with genuine change on some other level? How can the world be 
both stable and changeable? 

One of the earliest philosophers to address this question was Heraclitus, 
who offered a ringing declaration of the reality of change. Heraclitus is 
reputed to have claimed that nobody can step twice into the same river 
(because the second time it is no longer exactly the same river), and this 
aphorism made him the symbol, even in antiquity, of the opinion that 
everything is in a state of flux. Heraclitus also argued that a condition of 
overall equilibrium or stability may conceal underlying change in the form 
of counterbalancing forces or the struggle of opposites. For example, there 
is a perpetual struggle between the substances earth, water, and fire, each 
endeavoring to consume the others; however, dynamic equilibrium is 
achieved through overall balance or reciprocity.“ 

What Heraclitus affirmed, Parmenides (fl. 480, from the Greek city-state 
at Elea in southern Italy) denied. Parmenides wrote a long philosophical 
poem (philosophy had not yet settled on prose as its exclusive form 
of discourse), large sections of which have survived. In it, Parmenides 
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radical position that change—all change—is a logical impos- 
ides began by denying, on various logical grounds, the pos- 
ing should pass from non-being to being: for example, if a 
come into being, why at one moment rather than another, 
“aad eans? His conclusion was that out of nothing comes nothing. 
oy fal this be proved,” he wrote, “that things that are not are.” 
ide i oceeded, on analogous grounds, to deny all other forms of 
ree ao denied the existence of time and plurality; what exists is 


adopted the 
sibility. Parmer 


sibility that athi 


thing 
and by 


jW, ; 
ies pupil Zeno (f. 450) extended and defended the Parmeni- 


i t of proofs against the possibility of one kind of 

Ja oe charge ct place. One of these proofs, the “stadium 

al * will illustrate Zeno’s approach. It is impossible, Zeno argued, 
ag o traverse-a stadium, because before you cover the whole you must 
Pe ne half; and before you cover the half, you must cover the quarter; 
Fee the quarter, the eighth; and so on to infinity. To traverse a stadium is 
therefore to traverse an infinite sequence of halves, and it is series to 
traverse, or even “to come into contact with” (as Aristotle put it in his dis- 
cussion of the paradox), an infinity of intervals in a finite time. The eae 
argument may be applied to any ene whatsoever—from whic! 
i that all motion is impossible. 
: E ores may seem preposterous. With a little effort, Parmenides 
and Zeno could have opened their eyes and observed changes all around 
them. Did they not get up in the morning, enjoy a good breakfast, and 
make their way to the agora (the public square) for a hard day's phi- 
losuphizing? And didn’t they recognize that doing so required them to 
move? No doubt. Parmenides and Zeno knew perfectly well what experi- 
ence taught, but the question was whether experience could be trusted. 
What does one do if experience suggests the reality of change, voile care- 
ful argumentation (with due attention to the rules of logic) unambiguously 
teaches its impossibility? For Parmenides and Zeno, the answer was clear: 
the cational process must prevail. Parmenides distinguished berween the 
way of seeming,” associated with observation, and “the way of truth,” trod 
by reason. In his poem he warned against letting “custom, born of much 
experience, force thee to let wander along this road thy aimless eye, thy 
echoing ear or thy tongue; but do thou judge by reason the strife- 
encompassed proof that I have spoken." So, yes, Parmenides and Zeno 
acknowledged that experience teaches the reality of change. But they 
knew on rational grounds that this was an illusion—a pleasant and power- 
ful illusion, perhaps, but an illusion nonetheless. 
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Parmenides’ denial of the Possibility of change was enormously influen: 

Wal, offering a challenge that generations of philosophers felt compelled to 
address. Empedocles answered with his theory of four material “Toots” op 
elements, plus love and strife. The elements do not come into being or 
Pass away, and so the fundamental Parmenidean requirement is met; but 
they do congregate and Separate and mix in various Proportions, and thug 
change is genuine. The atomists Leucippus and Democritus granted that 
the individual atom is absolutely immutable, so that at the atomic level 
there is no generation, corruption, or alteration of any kind. However, the 
atoms are perpetually moving, colliding, and congregating; and through 
the motions and configurations of the atoms the endless variety in the 
world of sense experience is produced. According to the atomists, there. 
fore, fundamental stability underlies su perficial change; both are present, 
and both are rea].?° 


THE PROBLEM OF KNOWLEDGE 


Poking through these discussions of the underlying reality and the prob- 
lem of change and stability has been a third basic issue, which early Greek 
philosophers also addressed—namely, the Problem of knowledge (more 
technically known as epistemology). It is implicit in the quest for the fun- 
damental reality underlying the variety of substances revealed by the 
Senses: if the senses do not reveal the unity of things, then we must find 
other guides to the truth. The problem of knowledge is explicit in fifth- 
century discussions of change and stability. Parmenides' radical stance on 
the question of change had clear-cut €pistemological implications: if the 
senses reveal change, their unreliability is thereby demonstrated; truth is 
to be gained only by the exercise of reason. The atomists, too, tended to 
denigrate sense experience. After all, the senses revealed the “secondary” 
qualities—colors, tastes, odors, and the tactile qualities—whereas reason 


may assume that in Democritus’s judgment genuine knowledge is rational 
knowledge, 

If the early philosophers were inclined to favor reason over sense, this 
tendency was neither universal nor without qualification. Empedocles de- 
fended the senses against the attack of Parmenides. The senses may not be 
perfect, he argued, but they are useful guides if employed with discrimina- 
tion. “But come, consider with all thy powers how each thing is manifest,” 
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and therefore not spatial. Although incorporeal and imperceptible 

by the senses, they objectively exist; indeed, true reality (reality in its full- 
zis located anly in the world of forms. The sensible, corporeal world, 
contrast, is imperfect and transitory. It is less real in the sense that the 
real object is a replica of, and therefore dependent for its existence 


0) 
eck the form. Corporeal objects exist secondarily, while the forms exist 


upon, 
Miso illustrated this conception of reality in his famous “allegory of the 
eave,’ found in Book VII of the Republic. Men are imprisoned within a 

cave, chained so as to be incapable of moving their heads. Behind 
them is a wall, and beyond that a fire. People walk back and forth beneath 
the wall. holding above it various objects, including statues of humans and 
animals, which cast shadows on the wall of the cave visible to the pris- 
oners. The prisoners see only the shadows cast by these statues and other 
objets; and, having lived in the cave from childhood, they no longer recall 
any other reality. They do not suspect that these shadows are but imperfect 
images of objects that they cannot see; and consequently they mistake the 
shadows for the real. 

So it is with all of us, says Plato. We are souls imprisoned in bodies. The 
shadows of the allegory represent the world of sense experience. The 
soul, peering out from its prison, is able to perceive only these flickering 
shadows, and the ignorant claim that this is all there is to reality. However, 
there do exist the statues and other objects of which the shadows are 
feeble representations and also the humans and animals of which the stat- 
wes are imperfect replicas. To gain access to these higher realities, we must 
escape the bondage of sense experience and climb out of the cave until we 
find ourselves able, finally, to gaze on the eternal realities, thereby enter- 
ing the realm of true knowledge.* 

What are the implications of these views for the concerns of the pre- 
Socratic philosophers? First, Plato equated his forms with the underlying 
reality, while assigning derivative or secondary existence to the corporeal 
world of sensible things. Second, Plato has made room for both change 
and stability by assigning each to a different level of reality: the corporeal 
realm is the scene of imperfection and change, while the realm of forms is 
characterized by eternal, changeless perfection. Both change and stability 
are therefore genuine; each characterizes something; but stability belongs 
to the forms and thus shares their fuller reality. 

Third, as we have seen, Plato addressed epistemological issues, placing 
observation and true knowledge (or understanding) in opposition. Far 
from leading upward to knowledge or understanding, the senses are 
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chains that tie us down; the route to knowledge is through philosophical 

reflection. This is explicit in the Phaedo, where Plato maintains the use- 

lessness of the senses for the acquisition of truth and points out that when 
the soul attempts to employ them it is inevitably deceived, 
Now the short account of Plato's epistemology frequently ends here; but 

there are important qualifications that it would be a serious mistake t 

omit. Plato did not, in fact, dismiss the senses altogether, as Parmenides had 

done and as the passage from the Phaedo might Suggest Plato did. Sense 
experience, in Plato's view, served various useful functions. First, sense ex. 
perience may provide wholesome recreation, Second, observation of cep. 
tain sensible objects (especially those with geometrical aspects) may serve 
to direct the soul toward nobler objects in the realm of forms; Plato used this 
argument as justification for the pursuit of astronomy. Third, Plato argued 
(in his theory of reminiscence) that sense experience may actually stir the 
memory and remind the soul of forms that it knew in a prior existence, 
thus stimulating a process of reflection that will lead to actual knowledge 
of the forms, Finally, although Plato firmly believed that knowledge of the 
eternal forms (the highest, and perhaps the only true, form of knowledge) 
is obtainable only through the exercise of reason, the changeable realm of 
matter is also an acceptable object of study. Such studies serve the purpose 
of supplying examples of the Operation of reason in the cosmos. If this is 
what interests us (as it sometimes did Plato), the best method of exploring 
it is surely through observation. The legitimacy and utility of sense experi- 
ence are clearly implied in the Republic, where Plato acknowledged that a 
prisoner emerging from the cave first employs his sense of sight to ap- 
prehend living creatures, the stars, and finally the most noble of visible 
(material) things, the sun. If he aspires to apprehend “the essential reality,” 
then he must proceed “through the discourse of reason unaided by any of 
the senses.” Both reason and sense are thus instruments worth having; 
which one we employ on a Particular occasion will depend on the object 
of study.” 

There is another way of expressing all of this, which may shed light on 
Plato’s achievement. When Plato assigned reality to the forms, he was, in 
fact, identifying reality with the properties that classes of things have in 
common. The bearer of true reality is not (for example) this dog with the 
droopy left ear or that one with the menacing bark, but the idealized form 
of a dog shared (imperfectly, to be sure) by every individual dog—that by 
virtue of which we are able to classify all of them as dogs. Therefore, to 
gain true knowledge, we must set aside all characteristics peculiar to 
things as individuals and seek the shared characteristics that define them 
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Fig. 25 The five Platonic solids: tetrahedron, octahedron, icosahedron, cube, and dodeca- 


hettron. Courtesy of J. V- Field. 


Three features of this scheme deserve discussion. First, it accounts for 

change and diversity in the same way as does Empedocles’ theory: the ele- 
ments ĉan mix in various proportions to produce variety in the material 
world. Second, it allows for transmutation of the elements from one to an- 
other, thus further accounting for change. For example, a single corpuscle 
of water (the icosahedron) can be dissolved into its twenty constituent 
equilateral triangles, which can then recombine into, say, two corpuscles 
pf air (the octahedron) and one of fire (the tetrahedron). Only earth, 
which is composed of squares (and the square divided diagonally does not 
yield equilateral triangles), is excluded from this process of transmutation. 
Third, Plato’s geometrical corpuscles represent a significant step toward 
the mathematization of nature. Indeed, it is important for us to see just 
how large a step it is. Plato's elements are not material substance packaged 
as the regular solids; in such a scheme matter would still be acknowledged 
as the fundamental stuff. For Plato, the shape is all there is; corpuscles 
are entirely reducible (without residue) to the regular solids, which are 
teducible to plane geometrical figures. Water, air, and fire are not tri- 
angular; they are simply triangles. The Pythagorean program of reducing 
everything to mathematical first principles has been fulfilled. 

Plato proceeded to describe many features of the cosmos; let us glance 
ata few of them. He demonstrated a rather sophisticated command of cos- 
mology and astronomy. He proposed a spherical earth, surrounded by the 
spherical envelope of the heavens. He defined various circles on the celes- 
tial sphere, marking the paths of the sun, moon, and other planets. He 
understood that the sun moves around the celestial sphere once a year on 
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a circle (which we call the ecliptic) tilted in relation to the celestial equator 
(see fig. 2.6). He knew that the moon makes a monthly circuit of approxi- 
mately the same path. He knew that Mercury, Venus, Mars, Jupiter, and Sat- 
urn do the same, each at its own pace and with occasional reversals, and 
that Mercury and Venus never stray far from the sun. He even knew thay 
the overall motion of the planetary bodies (if we combine their slow mo. 
tion around the ecliptic with the daily rotation of the celestial sphere) is 
spiral. And what is perhaps most important of all, Plato seems to have 
understood that the irregularities of planetary motion can be explained by 
the compounding of uniform circular motions.” f 

When Plato descended from the cosmos to the human frame he offered 
an account of respiration, digestion, emotion, and sensation, He had athe 
ory of sight, for example, which supposed that visual fire issues from the 
eye, interacting with external light to create a visual pathway that could 
transmit motions from the visible object to the observer's soul. The Tým 
aeus even offered a theory of disease and outlined a regimen that was tù 
insure health. 

Tt is an admirable cosmos that Plato has portrayed. What are its most 
prominent features? From triangles and regular solids the Demiurge fash- 
ioned a final product of the utmost rationality and beauty; and that means, 
according to Plato, that the cosmos must be a living creature. The Demi- 
urge, we read in the Timaeus, “wishing to make the world most nearly like 
that intelligible thing which is best and in every way complete, fashioned it 
as a single visible living creature.” But if the world is a living creature, it 
must possess a soul. And indeed it does; in the center of the cosmos the 
Demiurge “set a soul and caused it to extend throughout the whole and 
further wrapped its body round with soul on the outside; and so he estab- 
lished one world alone, round and revolving in a circle, solitary but able 
by reason of its excellence to bear itself company, needing no other ac- 
quaintance or friend but sufficient to itself." The world soul is ultimately 
responsible for all motions in the cosmos, just as the human soul is re- 
sponsible for the motions of the human body. We see here the origins of 
the strong animistic strain that was to remain an important feature of the 
Platonic tradition. Repelled by the lifeless necessity of the atomistic world, 
Plato has described an animated cosmos, permeated by rationality, replete 
with purpose and design.” 

Nor is deity absent. There is the Demiurge, of course; but in addition 
Plato assigned divinity to the world soul and considered the planets and 
the fixed stars to be a host of celestial gods. However, unlike the gods of 
traditional Greek religion, Plato's deities never interrupt the course of na- 
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Fiz 2.6. The celestial sphere according to Plato. 


ture. Quite the contrary, it is the very steadfastness of the gods which, in 
Plato’s view, guarantees the regularity of nature; the sun, moon, and other 
planets must move with some combination of uniform circular motions 
precisely because such motion is most perfect and rational, and conse- 
quently such motion is the only kind conceivable for a divine being. Thus 
Plato’s reintroduction of divinity does not represent a return to the unpre- 
dictability of the Homeric world. Quite the contrary, the function of di- 
vinity for Plato was to undergird and account for the order and rationality 
of the cosmos. Plato restored the gods in order to account for precisely 
those features of the cosmos which, in the view of the physikoi, required 
the banishing of the gods.” 


THE ACHIEVEMENT OF EARLY GREEK PHILOSOPHY 


If we survey early Greek philosophy with a modern scientific eye, certain 
pieces of it look familiar. The pre-Socratic inquiry into the shape and 
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arrangement of the cosmos, its origin, or its fundamental ingrediens 
reminds us of questions still investigated in modern astrophysics, coş 
mology, and particle physics. However, other pieces of early Philosophy 
look considerably more foreign. Working scientists today do not inquire 
whether change is logically possible or where true reality is to be found. 
and it would be a considerable feat to turn up, Say, a physicist or chemist 
who worries about how to balance the respective claims of reason and oh. 
servation. These matters are no longer talked about by scientists. Does {t 
follow that the early philosophers who devoted their lives to such ques. 
tions were “unscientific,” perhaps even misguided or dim-witted? 

This question needs to be handled with some delicacy. Surely the fac 
that the physikoi were concerned about some maners no longer of interes 
is no indictment of their enterprise; in the course of any intellectual en. 
deavor some problems get resolved, while others gO out Of fashion. Bur 
the objection may go deeper than that: are there issues that are intrinsically 
inappropriate or illegitimate, questions that were futile from the begin- 
ning? And did Plato and the physikoi waste their time on any of these? Per- 
haps we can answer in this way. Themes such as the identity of the ultimate 
reality, the distinction between natural and supernatural, the source of 
order in the universe, the nature of change, and the foundations of knowl- 
edge are quite different from the explanation of small-scale observational 
data (say, the descent of a heavy body, a chemical reaction, or a physiologi- 
cal process) that have occupied scientists for the Past few centuries; but to 
be different is not to be insignificant. At least until Isaac Newton, these 
larger themes demanded as much attention from the Student of nature as 
did the problems that now fill up a university course in science. Such ques- 
tions were interesting and essential precisely because they were part of the 
effort to create a conceptual framework and a vocabulary for investigating 
the world. They were foundational questions; and it is often the fate of 
foundational questions to seem pointless to later generations who take the 
foundations for granted. Today, for example, we may find the distinction 
between the natural and supernatural obvious; but until the distinction 
was carefully drawn, the investigation of nature could not properly begin. 

Thus the early philosophers began at the only possible place: the begin- 
ning. They created a conception of nature that has served as the foundation 
of scientific belief and investigation in the intervening centuries—the con- 
ception of nature presupposed, more or less, by modern science. In the 
meantime many of the questions they asked have been resolved—often 
with rough-and-ready solutions, rather than definitive ones, but resolved 
sufficiently to slip from the forefront of Scientific attention. As they have 
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THREE 


Aristotle's Philosophy of Nature 


LIFE AND WORKS 


Aristotle was born in 384 s.c. in the northern Greek town of Stagira, into a 
privileged family. His father was personal physician to the Macedonian 
king, Amyntas II (grandfather of Alexander the Great), Aristotle had the 
advantage of an exceptional education: at age seventeen, he was sent to 
Athens to study with Plato. He remained in Athens as a member of Plato's 
Academy for twenty years, until Plato died about 347. Aristotle then spent 
several years in travel and study, crossing the Aegean Sea to Asia Minor 
(modern Turkey) and its coastal islands. During this period he undertook 
biological studies, and he encountered Theophrastus, who was to become 
his pupil and lifetime colleague, before returning to Macedonia to be- 
come the tutor of the young Alexander (later “the Great”). In 335, when 
Athens fell under Macedonian rule, Aristotle returned to the city and began 
to teach in the Lyceum, a public garden frequented by teachers. He re- 
mained there, establishing an informal school, until shortly before his 
death in 322." 

In the course of his long career as student and teacher, Aristotle system- 
atically and comprehensively addressed the major philosophical issues of 
his day. He is credited with more than 150 treatises, approximately thirty of 
which have come down to us. The surviving works seem to consist mainly 
of lecture notes or unfinished treatises not intended for wide circulation, 
whatever their exact origin, they were obviously directed to advanced stu- 
dents or other philosophers. In modern translation they occupy well over 
afoot of bookshelf, and they contain a philosophical system overwhelming 
in power and scope. It is out of the question for us to survey the whole of 
Aristotle’s philosophy, and we must be content with examining the funda- 


Fig, 3.1, Aristotle, Museo Nuzionals, 
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mentals of his philosophy of nature—beginning with his response to pdsi- 
tions taken by the pre-Socratics and Plato.’ 


METAPHYSICS AND EPISTEMOLOGY 


Through his long association with Plato, Aristotle had, of course, become 
thoroughly versed in Plato's theory of forms. Plato had drastically dimin- 
ished (without totally rejecting) the reality of the material world observed 
by the senses. Reality in its perfect fullness, Plato argued, is possessed only 
by the eternal forms, which are dependent on nothing else for their exis- 
tence. The objects that make up the sensible world, by contrast, derive 
their characteristics and their very being from the forms; it follows that 
sensible objects exist only derivatively or dependently. 

Aristotle refused to accept this dependent status that Plato assigned to 
sensible objects. They must have autonomous existence, for in his view 
they were what make up the real world. Moreover, the traits that give an 
individual object its character do not, Aristotle argued, have a prior and 
separate existence in a world of forms, but belong to the object itself. 
There is no perfect form of a dog, for example, existing independently 
and replicated imperfectly in individual dogs, imparting to them their 
attributes. For Aristotle, there were just individual dogs. These dogs cer- 


Aristotle's Philosophy of Nature 49 


X ibutes—for otherwise we would not be entitled to 
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i 5 : re: one thing he would demand to know was whether corporeal 
ile a irreducible or must be considered composites of more finda 
ental constituents. Aristotle addressed this question by drawing a distinc- 
4 between properties and their subjects (warmth and the warm object, 
imple) He maintained (as most of us would) that 2 property has to 
bethe property of something; we call that something its subject. R ep a 
property is to belong to a subject; properties cannot exist indepen ent y. 
Individual corporeal objects, then, have both properties (color, weight, 
texture, and the like) and something other than properties to serve as their 
subject. These two roles are played, respectively, by “form and oe 
(technical terms that did not mean for Aristotle exactly what they mean or 
us). Corporeal objects are “composites” of form and matter—form ae 
ting of the properties that make the thing what it is, matter serving as : 
subject or substratum for form. A white rock, for example, is white, hard, 
heavy, and so forth, by virtue of its form; but matter must also be present, 
to serve as subject for the form, and this matter brings no properties of its 
own to its union with form.‘ (Aristotle's doctrine will be further discussed 
in chapter 12, below, in connection with medieval attempts to clarify and 
d it. 
re nee in actuality, separate form and matter; they are presented 
to us only as a unified whole. If they were separable, we should be able to 
put the properties (no longer the properties of anything) in one pile, the 
matter (absolutely propertyless) in another—an obvious impossibility. But 
if form and matter can never be separated, is it not meaningless to speak of 
them as the real constituents of things? Isn't this a purely logical distinc- 
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tion, existing in our minds, but not in the external world? Surely not for 
Aristotle, and perhaps not for us; most of us would think twice before 
denying the reality of cold or red, although we can never collect a bucket 
of either one. In short, Aristotle once again surprises us by using common- 
sense notions to build a persuasive philosophical edifice. 

Aristotle's claim that the primary realities are concrete individuals surely 
has epistemological implications, since true knowledge must be of the 
truly real, By this criterion, Plato's attention was naturally directed toward 
the eternal forms, knowable through reason or philosophical reflection. 
Aristotle’s metaphysics of concrete individuals, by contrast, directed his 
quest for knowledge toward the world of individuals, of nature, and of 
change—a world encountered through the senses. 

Aristotle's epistemology is complex and sophisticated, It must suffice 
here to indicate that the process of acquiring knowledge begins with sense 
experience; from repeated sense experience follows memory; and from 
memory, by a process of “intuition” or insight, the experienced inves- 
tigator is able to discern the universal features of things. By the repeated 
observation of dogs, for example, the experienced dog breeder comes to 
know what a dog really is; that is, he comes to understand the form or 
definition of a dog, the crucial traits without which an animal cannot be a 
dog. Note that Aristotle, no less than Plato, was determined to grasp the 
universal; but, unlike his teacher, Aristotle argued that one must do so by 
starting with the individual. Once we possess the universal definition, we 
can put it to use as the premise of deductive demonstrations.” 

Knowledge is thus gained by a process that begins with experience (a 
term broad enough, in some contexts, to include common opinion or the 
reports of distant observers). In that sense knowledge is empirical; noth- 
ing can be known apart from such experience. But what we learn by this 
“inductive” process does not acquire the status of true knowledge until 
put into deductive form; the end product is a deductive demonstration 
(nicely illustrated in a Euclidean proof) beginning from universal defini- 
tions as premises. Although Aristotle discussed both the inductive and de- 
ductive phases (the latter far more than the former) in the acquisition of 
knowledge, he stopped considerably short of later methodologists, espe- 
cially in the analysis of induction. 

This is the theory of knowledge outlined by Aristotle in the abstract. Is it 
also the method actually employed in Aristotle’s own scientific investiga- 
tions? Probably not—with perhaps an occasional exception. Like the mod- 
ern scientist, Aristotle did not proceed by following a methodological 
recipe book, but rather by rough and ready methods, familiar procedures 
that had proved themselves in practice. Somebody has defined science as 
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“doing your damnedest, no holds barred”; when it came (for example) to 
his extensive biological researches, this is doubtless exactly what Aristotle 
did. It is not a surprise, and certainly no character defect, that Aristotle 
should, in the course of thinking about the nature and the foundations of 
knowledge, formulate a theoretical scheme (an epistemology) not per- 
fectly consistent with his own scientific practice. 


NATURE AND CHANGE 


The problem of change had become a celebrated philosophical issue in 
the fifth century s.c. In the fourth century, Plato had dealt with it by re- 
stricting change to the imperfect material replica of the changeless world 
of forms. For Aristotle, a distinguished naturalist who was philosophically 
committed to the full reality of the changeable individuals that mike up 
the sensible world, the problem of change was a most pressing one. 
Aristotle's starting point was the commonsense assumption that change 
is genuine. But this does not, by itself, get us very far; it remains to be dem- 
onstrated that the idea of change can withstand philosophical scrutiny, and 
to be shown how change can be explained. Aristotle had various weapons 
in his arsenal by which to achieve these ends. The first was his doctrine of 
form and matter. If every object is constituted of form and matter, then 
Aristotle could make room for both change and stability by arguing that 
when an object undergoes change, its form changes (by a process of re- 
placement, the new form replacing the old one) while its matter remains. 
Aristotle went on to argue that change in form takes place between a pair 
of contraries, one of which is the form to be achieved, the other its priva- 
tion or absence. When the dry becomes wet or the cold becomes hort, this 
is change from privation (dry or cold) to the intended form (wet or hot). 
Change, for Aristotle, is thus never open-ended, but confined to the nar- 
row corridor connecting pairs of contrary qualities; order is thus discern- 
ible even in the midst of change. ; 
A determined Parmenidean might protest that to this point the analysis 
does nothing to escape Parmenides’ objection to all change on the ground 
that inevitably it calls for the emergence of something out of nothing. Aris- 
totle's reply is found in his doctrine of potentiality and actuality. Aristotle 
would undoubtedly have granted that ¿f the only two possibilities are 
being and nonbeing—that is, if things either exist or do not exist—then 
the transition from nonhot to hot would indeed involve passage from non- 
being to being (the nonbeing of hot to the being of hot) and would thus be 
vulnerable to Parmenides’ objection. But Aristotle believed that the objec- 
tion could be successfully circumvented by supposing that there are three 
categories associated with being: (1) nonbeing, (2) potential being, and 
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(3) actual being. If such is the state of things, then change can occur be. 
tween potential being and actual being without nonbeing ever entering 
the picture. A seed, for example, is potentially, but not actually, a tree, In 
becoming a tree, it becomes actually what it already was potentially. The 
change thus involves passage from potentiality to actuality—not from non- 
being to being, but from one kind of being to another kind of being. This 
doctrine is perhaps best illustrated from the biological realm, but it has 
general applicability. A heavy body held above the earth falls in order to 
fulfill its potential (of being situated with other heavy things about the cen- 
ter of the universe); and a block of marble has the potential to assume 
whatever shape the sculptor chooses to give it. 

If these arguments allow us to escape the logical dilemmas associated 
with the idea of change, and therefore to believe in the possibility of 
change, they do not tell us anything about the cause of change. Why should 
a seed move from being a potential tree to being an actual tree, or an ob- 
ject change from black to white, rather than remaining in its original state? 
This brings us to Aristotle's ideas about nature and causation. 

The world we inhabit is an orderly one, in which things generally be- 
have in predictable ways, Aristotle argued, because every natural object 
has a “nature"—an attribute (associated primarily with form) that makes 
the object behave in its customary fashion, provided no insurmountable 
obstacle intervenes, For Aristotle, a brilliant zoologist, the growth and de- 
velopment of biological organisms were easily explained by the activity of 
such an inner driving force, An acorn becomes an oak tree, because that is 
its nature. But the theory was applicable beyond biological growth and, 
indeed, beyond the biological realm altogether. Dogs bark, rocks fall, and 
marble yields to the hammer and chisel of the sculptor because of their 
respective natures. Ultimately, Aristotle argued, all change and motion in 
the universe can be traced back to the natures of things. For the natural 
philosopher, who by definition is interested in change and things capable 
of undergoing change, these natures are the central object of study. To this 
general statement of Aristotle's theory of “nature,” we need only add two 
reminders: that it does not apply to objects Produced artificially, for such 
objects possess no inner source of change, but are merely the recipients of 

external influence; and that the nature of a complex organism does not 
result from a summation or mixture of the natures of the constituent mate- 
rials, but is a unique nature characteristic of that organism as a unified 
whole.® 


With this theory of nature in mind, we can understand a feature of 
Aristotle's scientific practice that has puzzled and distressed modern com- 
mentators and critics—namely, the absence from his work of anything 
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i xperimentation. Unfortunately, such criticism over- 
Re es cars ins that drastically limited his methodological op- 
oe ve as Aristotle believed, the nature of a thing is to be discovered 
cia "the behavior of that thing in its natural, unfettered state, then ar- 
a astrais will merely interfere. If, despite interference, the object 
go E its customary fashion, we have troubled ourselves for no pur- 
Be set up conditions that prevent the nature of an object from re- 

ae itself, all we have learned is that it can be interfered with to the 
EA remaining concealed. Experiment reveals nothing about natures 
Bic cannot learn better in some other way. Aristotle’s scientific practice 
Pace to be explained, therefore, as a result of stupidity or deficiency on 
his part—failure to perceive an obvious procedural improvement—but as 
a method compatible with the world as he perceived it and well suited to 
the questions that interested him. Experimental science emerged oa 
when, at long last, the human race produced somebody clever enough to 
perceive that artificial conditions would assist in the exploration of a 
‘but when natural philosophers began asking questions to which such a 
romised to offer answers. 
E our analysis of Aristotle's theory of change, we must briefly 
consider the celebrated four Aristotelian causes. To understand a change 
or the production of an artifact is to know its causes (perhaps best a 
fated “explanatory conditions and factors”). There are four of these: me 
form received by a thing; the matter underlying that form, which persists 
through the change; the agency that brings about the change; and the pur- 
pose served by the change. These are called, respectively, formal cause, 
material cause, efficient cause, and final cause. To take an extremely simple 
example—the production of a statwe—the formal cause is the shape given 
the marble, the material cause is the marble that receives this shape, the 
efficient cause is the sculptor, and the final cause is the purpose for which 
the statue is produced (perhaps the beautification of Athens or the cele- 
bration of one of its heroes), There are cases in which identifying one or 
another of the causes is difficult, or in which one or more causes merge, 
but Aristotle was convinced that his four causes provided an analytical 
f general applicability. 

oy feed eee about the form-matter distinction to make clear 
what was meant by formal and material causes, and efficient cause is close 
enough to modern notions of causation to require no further comment; 
but final cause requires a few words of explanation. In the first place, the 
expression “final cause” is an English cognate derived from the Latin word 
finis, meaning “goal,” “purpose,” or “end,” and has nothing to do with the 
fact that it often appears last in the list of Aristotelian causes. Aristotle ar- 
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gued, quite rightly, that many things cannot be understood without know]. 
edge of purpose or function. To explain the arrangement of teeth in the 
mouth, for example, we must understand their functions (sharp teeth in 
front for tearing, molars in back for grinding). Or to take an example from 
the inorganic realm, it is not possible to grasp why a saw is made as it ig 
without knowing the function the saw is meant to serve, Aristotle went sa 
far as to give final cause priority over material cause, noting that the pur- 
pose of the saw determines the material (iron) of which it must be made, 
whereas the fact that we Possess a piece of iron does nothing to determine 
that we will make it into a saw." 

Perhaps the most important point to be made about final cause is its 
clear illustration of the role of purpose (the more technical term is “tele- 
ology”) in Aristotle's universe. The world of Aristotle is not the inert, 
mechanistic world of the atomists, in which the individual atom pursues 
its own course mindless of all others. Aristotle's world is not a world of 
chance and coincidence, but an orderly, organized world, a world of pur- 
pose, in which things develop toward ends determined by their natures, Tt 
would be unfair and pointless to judge Aristotle’s success by the degree to 
which he anticipated modern science (as though his goal was to answer 
Our questions, rather than his own); it is nonetheless worth noting that the 
emphasis on functional explanation to which Aristotle's teleology leads 
would prove to be of profound significance for all of the Sciences and re- 
mains to this day a dominant mode of explanation within the biological 
sciences. 


COSMOLOGY 


Aristotle not only devised methods and principles by which to investigate 
and understand the world: form and matter, nature, potentiality and actu- 
ality, and the four causes, In the process, he also developed detailed and 
influential theories regarding an enormous range of natural phenomena, 
from the heavens above to the earth and its inhabitants below." 

Let us start with the question of origins. Aristotle adamantly denied the 
possibility of a beginning, insisting that the universe must be eternal. The 


Aristotle considered this eternal universe to be a great sphere, divided 
into an upper and a lower region by the spherical shell in which the moon 
is situated. Above the moon is the celestial region; below is the terrestrial 
region; the moon, spatially intermediate, is also of intermediate nature, 
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jal or sublunar region is characterized by birth, death, and 
e N e of all kinds; the celestial or supralunar region, by con- 
per Ea of eternally unchanging cycles. That this scheme had its 
yes Aq pee would seem clear enough; in his On the Heavens, 
eno F that “in the whole range of time past, so far as our inherited 
Ti ERR no change appears to have taken place either in the whole 
pears Sas outermost heaven or in any of its proper parts.” If in the 
a bserve eternally unvarying circular motion, he continued, we 
“ae tie heavens are not made of the terrestrial elements, the na- 
Sl on (observation reveals) is to rise or fall in transient rectilinear 
a Bene heavens must consist of an incorruptible fifth element (there 
“Cae estrial elements): the quintessence (literally, the fifth essence) 
e i apes celestial region is completely filled with aether (no void 
a a divided, as we shall see, into concentric spherical shells bear- 
tom anes It had for Aristotle, a superior, quasi-divine status." 
Beori region is the scene of generation, CHa and eee 
i ike his predecessors, inquired into the basic e! emeni 

PE ce E E of substances found in the terrestrial 
a Ee be reduced. He accepted the four elemenis originally proposed 
a edocles and subsequently adopted by Plato—earth, water, air, and 
a me agreed with Plato that these elements are in fact reducible to 
SF sie even more fundamental; but he did not share ee oe 
matical inclination and therefore refused to accept Plato's regu! oe 
and their constituent triangles. Instead, he expressed hisown ee 

lity of the world of sense experience by choosing sensib. e quai 
aoe ildi irs of qualities are crucial: hot- 
ties as the ultimate building blocks. Two pairs of q Banat 
cold and wet-dry. These combine in four pairs, each of which giv 
one of the elements (see fig. 3.2): 


fire hot air 
ary wel 
cold and dry = earth 
cold and wet = water 
hot and wet = air H 
hot and dry = fire earth cold 


iti i i d qualities, For a medieval (9th- 
i f opposition of the Aristotelian elements anı je medie 
AAEE of the diagram, see John E. Murdoch, Album of Science: Antiquity and the 


Middle Ages, p. 352. 
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Notice the use made once again of contraries. ‘There is nothing to forbig 
any of the four qualities being replaced by its contrary (as the result of 
outside influence). If water is heated, so that the cold of water yields to hot, 
the water is transformed into air. Such a process easily explains changes of 
state (from solid to liquid to gas, and conversely), but also more general 
transmutation of one substance into another. On such a theory as this, al. 
chemists could easily build.“ 

The various substances that make up the cosmos totally fill it, leaving 
absolutely no empty space. To appreciate Aristotle's view, we must lay 
aside our almost automatic inclination to think atomistically; we must con. 
ceive material things not as aggregates of tiny particles but as continuous 
wholes, If it is obvious that, say, a loaf of bread is composed of crumbs 
Separated by small spaces, there is no reason not to suppose that those 
Spaces are filled by some finer substance, such as air or water. And there ig 
certainly no simple way of demonstrating, nor indeed any obvious reason 
for believing, that water and air are anything but continuous. Similar rea. 
soning applied to the whole of the universe led Aristotle to the conclusion 
that the universe is full, a plenum, containing no void space. 

Aristotle defended this conclusion with a variety of arguments, such as 
the following. There must always be a ratio between any two motions 
(measured by the times required to traverse a given space); if this differ- 
ence in time results from the difference in density between two media, the 
ratio of times will equal the ratio of densities. However, if one of the media 
were a void space, its density (zero) would have no ratio to the density of 
the other medium, and therefore the one time would have no ratio to the 
other, thereby violating the assumption with which the argument begins. 
Today we might make the same point by arguing that if resistance is what 
checks the speed of a moving body, then in the absence of resistance the 
body would move with infinite speed—a nonsensical notion. Critics have 
frequently noted that this argument can just as well be taken to prove that 
the absence of resistance does not entail infinite speed as to prove that 
void does not exist. The point is, of course, well taken. However, we need 
to understand that Aristotle's denial of the void did not rest on this single 
piece of reasoning. In fact, this was but one small part of a lengthy cam- 
paign against the atomists, in which Aristotle battled the notion of void 
space (or void place) with a variety of arguments, some more and some 
less persuasive.” 

In addition to being hot or cold and wet or dry, each of the elements is 
also heavy or light. Earth and water are heavy, but earth is the heavier of 
the two. Air and fire are light, fire being the lighter of the two. In assigning 
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celestial region 


water 


Fig 43. The Aristotelian cosmos. 


levity to two of the elements, Aristotle did not mean (as we men if = 
were making the claim) simply that they are less heavy, but that t z as 
light in an absolute sense; levity is not a eee version of eis ae 
contrary. Because earth and water are heavy, it is their parre 10 se 
toward the center of the universe; because air and fire are light, 5 k 
nature to ascend toward the periphery (that is, the periphery of i F 
restrial region, the spherical shell that contains the moon). If ynin P 
therefore, earth and water would descend toward the center; because ofi 
greater heaviness, earth would collect at the center, with water in a con- 
centric spherical shell outside it. Air and fire ascend, but fire, owing 2 a 
greater levity, occupies the outermost region, with air as a aoa a 
sphere just inside it In the ideal case (in which there are no me pen 
and nothing prevents the natures of the four elements from fulfilling ai 
selves), the elements would form a set of concentric spheres: fire on 
outside, followed by air and water, and finally earth at the center (see 
fig, 3.3). But in reality, the world is composed largely of mixed bodies, pae 
always interfering with another, and the ideal is never attained. Nonethe- 
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less, the ideal arrangement defines the natural place of each of the ele 
ments; the natural place of earth is at the center of the universe, 
inside the sphere of the moon, and so forth.” 
It must be emphasized that the arrangement of the elements is spher. 
ical. Earth collects at the center to form the earth, and it too is spherical 
Aristotle defended this belief with a variety of arguments. Arguing from his 
natural philosophy, he pointed out that since the natural tendency of earth 
is to move toward the center of the universe, it must arrange itself symmet- 
tically about that point. But he also called attention to observational evi- 
dence, including the circular shadow cast by the earth during a lunar 
eclipse and the fact that north-south motion by an observer on the surface 
of the earth alters the apparent position of the stars. Aristotle even 
reported an estimate by mathematicians of the earth's circumference 
(400,000 stades = about 45,000 miles, roughly 1.8 times the modern 
value). The sphericity of the earth, thus defended by Aristotle, would never 
be forgotten or seriously questioned. The widespread myth that medieval 
people believed in a flat earth is of modern origin.” 
Finally, we must note one of the implications of this cosmology— 
namely, that space, instead of being a neutral, homogeneous backdrop 
(analogous to our modern notion of geometrical space) against which 
events occur, has properties, Or to express the point more precisely, ours 
is a world of space, whereas Aristotle's was a world of ‘place. Heavy bodies 
move toward their place at the center of the universe not because of a ten- 
dency to unite with other heavy bodies located there, but simply because it 
is their nature to seek that central poing if by some miracle the center hap- 
pened to be vacant (a physical impossibility in an Aristotelian universe, but 
an interesting imaginary state of affairs), it would remain the destination of 
heavy bodies. 


MOTION, TERRESTRIAL AND CELESTIAL 


The best way of approaching Aristotle's theory of motion is through its two 
most basic principles. The first is that motion is never Spontaneous: there 
is no motion without a mover. The second is the distinction between two 
types of motion: motion toward the natural place of the moving body is 
“natural motion”; motion in any other direction is “forced or violent 
motion,” 

The mover in the case of natural motion is the nature of the body, which 
is responsible for its tendency to move toward its natural place as defined 
by the ideal spherical arrangement of the elements, Mixed bodies have a 
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jonal tendency that depends on the proportion of the various ele 
şin their composition. When a body undergoing natural morna 
“hes its natural place, its motion ceases. The mover in He ns of force: 
iş an external force, which compels the body to violate its natural 
By and move in some direction other than toward its natural place. 
Becton ceases when the external force is withdrawn.” 
Ta a this seems sensible. One obvious difficulty, however, i to a 
whya projectile hurled horizontally, and therefore undergoing orce X 
ion, does not come to an immediate halt when it loses contact with what- 
pe ropelled it. Aristotle’s answer was that the medium takes over as 
i When we project an object, we also act on the surrounding me; 
Ps (air, for instance), imparting to it the power to move objects; ne 
power is communicated from part to part, in such a way that the Projectile 
is always in contact with a portion of the medium capable of ae iy 
motion. If this seems implausible, consider the greater implausil : ity 
(from Aristotle's standpoint) of the alternative—that a projectile, es is 
inclined by nature to move toward the center of the universe, moves ori- 
zontally or upward despite the fact that there is no longer anything causing 
É Ee not the only determinant of motion. In all real cases of motion 
in the terrestrial realm, there will also be a resistance or opposing force. 
And it seemed clear to Aristotle that the quickness of motion must depend 
on these two determining factors—the motive force and the resistance, 
The question arose: what is the relationship between force, resistance, ae 
speed or quickness? Although it probably did not occur. th Aristotle that 
there might be a quantitative law of universal applicability, he was not 
without interest in the question and did make several forays into quan 
titative territory. In reference to natural motion in his Oz the Heavens and 
again in his Physics, Aristotle claimed that when two bodies of differing 
weight descend, the times required to cover a given distance will be a 
versely proportional to the weights (a body twice as heavy will require hal 
the time). In the same chapter of the Physics, Aristotle introduced resis- 
tance into the analysis of natural motion, arguing that if bodies of equal 
weight move through media of different densities, the times required to 
traverse a given distance are proportional to the densities of the respective 
media; that is, the greater the resistance the slower the body moves. r 
nally, Aristotle also dealt with forced motion in his Physics, claiming that if 
a given force moves a given weight (against its nature) for a given distance 
in a given time, the same force will move half that weight twice the dis- 
tance in that same time (or the same distance in half that time), alter- 
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natively, half the force will move half the weight the same distance in the 
same time,” 

From such statements, some of Aristotle's Successors have made a detuiy. 
mined effort to extract a general law. This law is customarily stated as. 


va F/R 


That is, velocity (v) is Proportional to the motive force (F) and inversely 
Proportional to the resistance (R). For the special case of the Natural du. 


scent of a heavy body, the motive force is the weight (W) of the body; the 
relationship then becomes: 


vx W/R 


Such relationships Probably do no great violence to Aristotle’s intent for 
most cases of motion; however, giving them mathematical form, as we 
have done, suggests that they hold for all values of v, F, and R—a claim 
Aristotle would certainly have denied. He stated explicitly, for example, 
that a resistance equal to the motive force will prevent motion altogether, 
whereas the formula above offers no such result, Moreover, the appear- 
ance of velocity in these relationships seriously misrepresents Aristotle’s 
conceptual framework, which contained no concept of velocity as a quan- 
tifiable measure of motion, but described motion only in terms of dis- 
tances and times. Velocity as a technical Scientific term to which numericat 
values might be assigned was a contribution of the Middle Ages. 

Aristotle has been severely criticized for this theory of motion, the as- 
sumption being that any sensible person should have recognized that it 
was fatally flawed, Is such criticism justified? In the first place, few histo- 
rians consider the assignment of credit and blame to be their primary mis- 
sion; understanding the past seems a far more useful goal, Second, some 
of the criticisms apply only to the theory foisted onto Aristotle by followers 
and critics, not to his own. Third, the theory in its genuinely Aristotelian 


Sent to many of the basics of Aristotle’s theory of motion. Fourth, the rela- 
tively modest level of quantitative content in Aristotle’s theory is easily 
explained as the outcome of his larger philosophy of nature, His primary 
goal was to understand essential natures, not to explore quantitative rela- 
tionships between such incidental factors as the Space-time (or place-time) 
coordinates applicable to a moving body; even an exhaustive investigation 
of the latter gives us no useful information about the former. (One of the 
important features of modern mechanics is precisely its determination to 
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dies identically, refusing to acknowledge differences in essential 
a Eer the body is made of, the same laws apply and me same 
z result.) We may criticize Aristotle, if we like, for not being inter, 
iors te ii à 
ee interests us, but we do not thereby learn anything sig 
in 
5 ut Aristotle. l ; 
ae a the celestial sphere is an altogether different sort of Sous 
eee eavens are composed of the quintessence, an incorruptible sul - 
i o no contraries and therefore incapable of qualitative 
aid Te might seem fitting for such a region to be absolutely motionless, 
this hypothesis is defeated by the most casual observation of the Hea 
a oile therefore assigned to the heavens the most perfect of meoo S ; 
"ESBE uniform circular motion. Besides being the most per! ae 
cn uniform circular motion appears to have the capability ol 
a r 
ing the observed celestial cycles. f w 
E odet day, these cycles had been an object of study for centuries 
i ss understood that the “fixed” stars move with perfect aa cs 
i i iod of rotation 
i here, with a perio 
h fixed to a uniformly rotating sphere, 
Bast, one day. But there were seven stars, the wandering ae or 
= that displayed a more intricate motion; these seven were ne ae 
r 1 ite d Saturn. The sun moves s 
Mars, Jupiter, anı 
rE ARE iations i d, through the 
i all variations in speed, g 
ut 1°/day), west to east, with sm; ons in sf 
E of le stars along a path called the ecliptic, which passes se 
i 6). The moon follows approximately 
center of the zodiac (see fig. 2. PP 
ea course, but more rapidly (about 12°/day). The remaining pense E 
move along the ecliptic, with variable speed and with an occasional changi 
direction. i i : 
a such complex motions compatible with the ee of oan 
i ? Eudoxus, a generation ore ` 
circular motion in the heavens? i EA 
I wilt return to this subject in chap i 
had already shown that they are. i eee 
it will be sufficient to point out that 
elow; for the moment, it wil f c 
Te each complex planetary motion as a ees of j ee = 
i i i ents. He did this by assigni 
simple uniform circular movem aaa 
i i d to each sphere one compo! 
planet a series of concentric spheres, an 
a the complex planetary motion. Aristotle took over ae oe poe 
ificati finished, he had produced an in- 
with various modifications. When he was : ; 3 
tricate piece of celestial machinery, consisting of fifty-five planetary spher 
the sphere of the fixed stars. f f r 
agri See cause of movement in the heavens? Aristotle’s natural es 
ophy would not allow such a question to go unasked. The celestial Lats 
are composed, of course, of the quintessence; their motion, being € ? 
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must be natural rather than forced. The cause of this eternal motion mug 
itself be unmoved, for if we do not postulate an unmoved mover, we 
quickly find ourselves trapped in an infinite regress: a moving mover mugt 
have acquired its motion from yet another moving mover, and so op, 
Aristotle identified the unmoved mover for the planetary spheres as the 
“Prime Mover,” a living deity representing the highest Bood, wholly actu. 
alized, totally absorbed in self-contemplation, nonspatial, separated from 
the spheres it moves, and not at all like the traditional anthropomorphic 
Greek gods. How, then, does the Prime Mover or Unmoved Mover cause 
motion in the heavens? Not as efficient cause, for that would require con- 
tact between the mover and the moved, but as final cause. That is, the 
Prime Mover is the object of desire for the celestial spheres, which en- 
deavor to imitate its changeless perfection by assuming eternal, uniform 
circular motions. Now any reader who has followed this much of Aris. 
totle’s discussion would be justified in assuming that there is a single Un- 
moved Mover for the entire cosmos; it comes as something of a surprise, 
therefore, when Aristotle announces that, in fact, each of the celestial 
spheres has its own Unmoved Mover, the object of its affection and the 
final cause of its motion.” 


ARISTOTLE AS A BIOLOGIST 


There is no way of determining when or how Aristotle became interested 
in the biological sciences. That his father was a physician is a factor that we 
must surely take into account. Aristotle's biological studies no doubt oc- 
curred over an extended period, but several years on the island of Lesbos 
(off the coast of Asia Minor) offered him an exceptional opportunity for the 
observation of marine life. He was probably assisted in the gathering of 
biological data by his students, and he certainly relied on the reports of 
other observers, including physicians, fishermen, and farmers. The prod- 
uct of this research effort was a series of large zoological treatises and 
short works on human physiology and psychology that occupy well over 
400 pages in a modern translation; these works laid the foundations of Sys- 
tematic zoology and have profoundly shaped thought on human biology 
for some two thousand years.2 
In Aristode’s day human anatomy and physiology had long attracted at- 
tention for their medical import and presumably required no further justi- 
fication, but Aristotle felt obliged to defend zoological research. In On the 
Paris of Animals he admitted that animals are ignoble by comparison with 
the heavens and acknowledged that zoological studies are distasteful to 
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nsidered this distaste to be childish, and he argued 

pe e aac the quantity and richness of the available data 
pn E for the ignobility of the object of study. He argued, moreover, 
Bee oto ical studies contribute to knowledge of the human frame owing 
“9 a eS between animal and human nature; he noted the 
aie ae discovering causes in the zoological realm; and he pointed out 

Rh der and purpose are displayed with particular clarity in thes animal 
p ie providing us with a golden opportunity to refute the notion that 
Be iis of nature” are products of chance alone.* À 

Aristotle saw that biology has both a descriptive and an explanatory si F 
He considered the explanation of biological phenomena the Pea ee 
but acknowledged the gathering of biological data as the first os es z 
business. His History of Animals, which was iniendedito, meet this = 
need, is a vast storehouse of biological information. Aristotle ica : 
the human body, as a standard by comparison with which other ae 
could be understood. He subdivided the human body into hea d, ne i 
thorax, arms, and legs; and he proceeded to a discussion of both internal 
and external features, including brain, digestive system, sexual organs, 

d blood vessels. 

"is Rae made his greatest contribution not in the area of 
man anatomy but in descriptive zoology. More than 500 species ce : 
are mentioned in his History of Animals, the structure and be a s 
many are described in considerable detail, often on the basis of s il e 
dissection. Although he devoted considerable atention to the theoretic! 
problems of classification, in practice Aristotle adopted siete or Popa 
lar groupings based on multiple attributes. He divided ats a into a 
major categories—“blooded” (that is, red-blooded) and "bloo ae a 
former category he subdivided into viviparous quadrupeds (four- cere) s : 
mammals that bring forth living young), oviparous (or egg-laying) i 
rupeds, marine mammals, birds, and fish; the latter into mollusks (suc! = 
the octopus and cuttlefish), crustacea (including crabs and crayfish), esta 
cea (including the snail and oyster), and insects. These major TS 
Aristotle arranged hierarchically in a scale of being according to degree o! 

H u 
pre he ranged over the whole of the animal kingdom, TRIR = 
no doubt most at home when it came to marine life, of which he exhi a 
intimate firsthand knowledge. It has often been noted, or Sample: ines e 
described the placenta of the dogfish (Mustelus laevis) in terms that were 
not confirmed until the nineteenth century. But Aristotle displayed im; 
pressive skill in other parts of the animal kingdom as well. His description 
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of the incubation of birds’ eggs is an excellent example of meticulous 
observation: 


Generation from the egg proceeds in an identical manner 
with all birds, but the full periods from conception to birth 
differ... . With the common hen after three days and three 
nights there is the first indication of the embryo. . . . Mean- 
while the yolk comes into being, rising towards the sharp 
end, where the primal element of the egg is situated, and 
where the egg gets hatched; and the heart appears, like a 
speck of blood, in the white of the egg. This point beats and 
moves as though endowed with life, and from it. . . two vein- 
ducts with blood in them trend in a convoluted course... ; 
and a membrane carrying bloody fibres now envelops the 
white, leading off from the vein-ducts. A little afterwards the 
body is differentiated, at first very small and white. The head 
is clearly distinguished, and in it the eyes, swollen out to a 
great extent... .* 


Natural history, which enumerates and describes the population of the 
universe, is no doubt an appealing occupation and may be regarded by 
some as an end in itself. But for Aristotle it was a means to a higher end— 
the source of factual data that would lead to physiological understanding 
and causal explanations. And for him, true knowledge was always causal 
knowledge. 

Aristotle applied to the understanding of physiology the same principles 
that functioned in other realms of his natural philosophy. (Whether they 
were first developed in the biological realm and then applied to metaphys- 
ics, physics, and cosmology, or vice versa, is a matter of dispute among 
scholars.)* Thus form and matter, actuality and potentiality, the four 
causes, and especially the element of purpose or function associated with 
final cause are central to his biology. The ingredients of a proper biologi- 
cal explanation are nicely summarized in Aristotle’s On the Generation of 
Animals: “Everything that comes into being or is made must [1] be made 
out of something, [2] be made by the agency of something, and [3] must 
become something,”*’ That out of which an organism is made is, of course, 
its material cause; the agency by which it is made is its formal or efficient 
cause (which often merge in Aristotle’s biology); and that which it be- 
comes, the goal of its development, is its final cause. 

Each organism, then, 1s constituted of matter and form: the matter consists 
of the various organs that make up the body; the form is the organizing 


Aristotle's Philosophy of Nature 65 


rinciple that molds these organs into a unified organic whole. Aristotle 
identified form with soul and assigned it responsibility for the vital charac- 
teristics of living things—nutrition, reproduction, growth, sensation, 
movement, and so forth. Indeed, Aristotle arranged living things in a hier- 
archy on the basis of their participation in several kinds of soul, each of 
which performs certain functions. Plants possess a nutritive soul, which en- 
ables them to obtain nourishment, grow, and reproduce. Animals possess, 
in addition, a sensitive soul, which accounts for sensation and (indirectly) 
for movement. Finally, humans add to these a rational soul, which supplies 
the higher capacities of reason. If, as Aristotle maintained, soul is but the 
form of the organism, then it is clear that soul (including the human soul) 
ig not immortal; at death the organism disintegrates, and its form evapo- 
rates into nonbeing.* 

How is soul, the form of the living organism, communicated from par- 
ent to offspring? This brings us to one of the central questions of Aristotle’s 
physiology—the problem of organic generation. First, Aristotle argued 
that the existence of two genders—mdle and female—reflects the distinc- 
tion between formal or efficient cause (here merged) and the matter on 
which this cause works. In humans and higher animals the female supplies 
the matter as menstrual blood. Male semen bears the form and impresses 
this on the menstrual blood to produce a new organism. The young in 
higher animals, which have a large measure of vital heat, are brought forth 
live, as fully developed members of the species; in animals somewhat defi- 
cient in vital heat, the offspring are eggs hatched internally; as we descend 
the scale of perfection, we come to animals that produce eggs hatched ex- 
ternally, the eggs being more or less perfect depending on the exact de- 
gree of heat; at the bottom of the scale, bloodless animals produce a grub 
Of maggot: 


We must observe how rightly Nature orders generation in 
regular gradation. The more perfect and hotter animals 
produce their young perfect in respect of quality... , and 
these generate living animals within themselves from the first. 
The second class do not generate perfect animals within 
themselves from the first (for they are only viviparous after 
first laying eggs). . . . The third class do not produce a perfect 
animal, but an egg, and this egg is perfect. Those whose na- 
ture is still colder than these produce an egg, but an im- 
perfect one, which is perfected outside the body. . . . The 
fifth and coldest class does not even lay an egg from itself; but 
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so far as the young ever attain to this condition at all, it is 
outside the body of the parent. . . . For insects produce a grub 
first; the grub after developing becomes ege-like. .. 2 


The idea of perfection, so prominent in Aristotle's theory of generation, 
brings us to the third and last element of biological explanation—final 
Cause or, as Aristotle put it in a passage quoted above, that which a biologi- 
cal organism is in the process of becoming. The biologist, in Aristotle's 
view, always needs to know the complete, mature form or nature of an 
organism. Only such knowledge will enable him to understand the struc- 
ture of the organism and the existence and interrelations of its parts. For 
example, Aristotle explained the presence of lungs in land animals by ref. 
erence to the needs of the organism as a whole. Blooded animals, he 
argued, require an external cooling agent because of their warmth. In 
fish, this agent is water, and consequently fish have gills instead of lungs. 
Animals that breathe, however, are cooled by air and consequently come 
equipped with lungs.” Knowledge of the mature form is also part of the 
explanation of the organism's development, for there is an upward move- 
ment in the organic realm, as organisms strive to actualize the poten- 
tialities that exist within them. We cannot understand the changes that 
occur within an acorn, for example, if we do not understand the oak tree 
that is its final destination. Finally, purpose and function enter Aristotle’s 
biology not merely as an explanation of the form or development of the 
individual or species, but on a universal or cosmic level, to explain the 
interdependence and interrelationships of species in the order of nature, 

There is, of course, much more to Aristotle's biological system. He ex- 
plained nutrition, growth, locomotion, and sensation. He considered the 
functions of the principal Organs, including brain, heart, lungs, liver, and 
reproductive organs. It is important to note that he made the heart the cen- 
tral organ of the body, the seat of emotion and sensation as well as of vital 
heat. He developed the notion of hierarchy in the biological realm: form, 
he believed, is superior to matter, living to nonliving, male to female, 
blooded to bloodless, the mature to the immature. Indeed, he arranged 
living things in a single, hierarchical scale of being, beginning with the 
Prime Mover at the top and descending through the human race to vivipa- 
rous, oviparous, and vermiparous animals, and finally to plants. 

Let us conclude this discussion with a brief analysis of method in Aris- 
totle’s biological works. If there is any branch of the scientific enterprise 
that demands observation, surely it is biology (and especially natural his- 
tory). It is inconceivable that Aristotle would have attempted to describe 
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J nd habits of animals on any other basis. The observation in 
a a a eas his own, and we find in his works plentiful evi- 
a of empirical method, including dissection. However, no naturalist 
En alone could amass the quantity of data contained in Aristotle's bio- 
si rine, and it is apparent that he relied on the reports of travelers, 
Beers and fishermen, the help of assistants, and the writings of his pre- 
-_ Aristode was generally critical of his sources, and displayed a 
healthy skepticism even about his own observations. However, he was not 
always skeptical enough, and there are many examples of descriptive error 
in his biological works. When it came to biological theory, Aristotle (like 
any theorist) was obliged to make inferences from the observational data; 
if his inferences were not always the ones we would make, they nonethe- 
Jess display the insight of one of the most brilliant biologists Ever to live. 
They also, of course, display the powerful influence of Aristotle's larger 
philosophical system, which continually influenced the questions he 
asked, the details he noticed, and the theoretical interpretation he placed 


upon them.” 


ARISTOTLE'S ACHIEVEMENT 


The proper measure of a philosophical system is not the degree to which it 
anticipated modern thought, but its degree of success in treating the philo- 
sophical problems of its own day. Ifa comparison is to be made, it must be 
between Aristotle and his predecessors, not Aristotle and the present. 
Judged by such criteria, Aristotle’s philosophy is an astonishing achieve- 
mént, In natural philosophy, he offered a subtle and sophisticated treat- 
ment of the major problems posed by the pre-Socratics and Plato: the 
nature of the fundamental stuff, the proper means of knowing it, the prob- 
lems of change and causation, the basic structure of the cosmos, and the 
nature of deity and its relationship to material things. ; 

But Aristotle also went far beyond any predecessor in the analysis of 
specific natural phenomena. It is no exaggeration 19, latin that; almost 
single-handedly, he created entirely new disciplines. His Physics contains a 
detailed discussion of terrestrial dynamics. He devoted the bener part of 
his Meteorology to phenomena of the upper atmosphere, including 
comets, shooting stars, rain and the rainbow, thunder, and lightning. His 
On the Heavens developed the work of certain predecessors into an influ- 
ential account of planetary astronomy. He touched upon geological phe- 
nomena, including earthquakes and mineralogy. He undertook a thorough 
analysis of sensation and the sense organs, particularly vision and the eye, 
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developing a theory of light and vision that would remain influential ung 
the seventeenth century. He concerned himself with what we might regard 
as the basic chemical processes—mixtures and combinations of sub. 
stances. He wrote a book on the soul and its faculties. And, as we have 
seen, he contributed monumentally to developments in the biologicat 
sciences. 

We will consider Aristotle’s influence in subsequent chapters. Let us 
conclude here simply by Stating that his powerful influence in late antiq- 
uity and his dominance from the thirteenth century through the Renais- 
sance resulted not from intellectual subservience on the part of scholars 
during those periods or from interference on the part of the church, but 
from the overwhelming explanatory power of his philosophical and scien. 
tific system. Aristotle prevailed through persuasion, not coercion, 


FOUR 


Hellenistic Natural Philosophy 


Aristotle's death in 322 s.c. nearly coincided with the end of the military 
campaigns of Alexander the Great (334—323 B.C.), which established a far- 
flung Greek empire and sounded the death knell for the autonomous 
Greek city-states. Alexander dramatically enlarged Greek territory, carrying 
Greck language and culture as far east as Bactria (now part of Afghanistan) 
and the Indus River and as far south as Egypt (see map 2). However, Alex- 
ander and his successors also borrowed from the conquered peoples, 
creating a synthesis of Greek and foreign elements designated by the 
adjective “Hellenistic’—meaning “Greekish.” Although Greek elements 
were overwhelmingly dominant, the historians who coined this term 
wished to distinguish the Hellenistic period from what they regarded as 
the unadulterated Greek culture of the older, “Hellenic” times. The phrase 
“Hellenistic natural philosophy,” then, denotes thought about nature 
among scholars and educated people throughout this Greek empire. In 
the short run, the center of gravity remained in the traditional Greek ter- 
titories; in the long run leadership shifted southward to Alexandria in 
Egypt and westward to Rome. 


SCHOOLS AND EDUCATION 


Before we examine the content of Hellenistic natural philosophy, we need 
to examine its social underpinnings—the social and institutional mecha- 
nisms by which learning in general and natural philosophy in particular 
were transmitted. Knowledge can, of course, be transmitted individually, 
from parent to child, friend to friend, or master to apprentice, But as that 
knowledge increases in complexity and sophistication, pressure for a 
more formalized, collective educational system is likely to grow. Did this 
Occur in ancient Greece? If so, what was the nature of the educational sys- 
tem that resulted?! 


70 Chapter Four 


eae I eS gs 
Am d E Ey 
f Black Se `, A Pa i 
TE } Ve 
ve NE 
~ Athens) age ig 
: Ses eres Minor a ay 
Grefe "^ a, FI T B l 
So &P> Mesopotamia 4 
Modtoranean Sea . Soe: a i 3 
Aeran, A Damascus Sener Persia af J 
= A af oe 


= 
jerusalem $e 
4 A È 


DA t4 
Arabia VA e 


of A 
J 


FET) Approxmate extent of 
joxander's Empre 

g k 

wen, 1091 Fi N 


z> 


Map 2. Alexander the Great's Empire 


No formal education was required in any ancient society, but several 
years of instruction at the elementary level became an ideal among the 
early Greek aristocracy. Because it was intended for pre-adolescent chil- 
dren (paides), this education was referred to as paideia. Traditionally, 
paideia consisted of two parts: gyninastiké for the body and mousiké for 
the mind or spirit. Gymmastiké included physical culture and athletics. 
Mousiké covered all of the arts presided over by the muses, especially mu- 
sic and poetry. However, social needs eventually outran this bipartite sys- 
tem, and by the beginning of the fifth century s.c. there were also schools 
for reading and writing. 

Instruction in gymnastiké took place most frequently in a sports ground 
or wrestling school, or possibly in a public gymnasium. Mousiké and liter- 
ary education could be carried on almost anywhere, including a public 
building or the teacher’s home. It must be understood that there was noth- 
ing resembling modern, compulsory, mass education. Teachers entered 
the educational enterprise privately, on their own initiative; and the aris- 
tocracy took advantage of teachers’ services according to individual need 
and inclination. 
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A major change in this educational patern occurred in the fifth century 
pc, with the coming of the sophists. Education to this point had been 
strictly elementary, largely athletic and artistic in its orientation, About the 
middie of the fifth century, itinerant teachers known as sophists made their 
appearance in Athens, offering something new. First, they offered educa- 
tion at a more advanced level. Second, their goal was the training of citi- 
zens and statesmen, and this called for a shift in the content of education 
toward intellectual, and especially political, matters. The sophists offered 
what we would regard as group tutorials, with no fixed curriculum or uni- 
versal pattern, and certainly no shared philosophical system, for a duration 
negotiated by the parties concerned. (A figure of three or four years is 
often suggested by historians, but it has recently been argued that in some 
eases the duration of instruction may have been “as litle as a week or an 
hour.” } In order to attract business, sophist teachers needed to be visible, 
and it therefore became customary for them to teach in a public place, 
such as the agora (public marketplace) or a large public gymnasium (of 
which Athens at the time had three)’ When business dried up or the 
teacher wore out his welcome, he moved on. 

Against this background, we can begin to understand the teaching of 
Socrates and Plato. Socrates and Plato doubtless differed from the sophists 
in various respects—they were not itinerant but remained in Athens, and 
they departed from sophistic methods of instruction—but these distinc- 
tions were probably lost on contemporary Athenians, who must have 
viewed both men as typical representatives of the sophistic movement. 
When Plato returned to Athens in 388 after his travels in Italy, he estab- 
lished a school in the Academy, a monumental public gymnasium just out- 
side the city walls, which had long been used for educational purposes. If 
there was anything unusual about this venture it was that Plato's school ac- 
quired permanency, so that it endured long beyond his death. 

Plato’s school was a philosophical community, consisting of scholars 
who had reached various levels of maturity and attainment and who inter- 
acted as equals. Plato was no doubt the dominant force, inspiring his col- 
leagues by example and assisting less advanced scholars by his critical 
powers; but he was not above criticism, and (like the teacher in a modern 
graduate seminar) he may have learned as much as he taught.‘ There was 
undoubtedly a religious undercurrent to the enterprise; the Academy was 
devoted to the service of the muses, and there may have been what we 
would take to be religious ceremonies. However, doctrinal orthodoxy was 
certainly not required, and the school was (at least in principle) open to 
students of any persuasion. No fees were charged, and a scholar could par- 
ticipate in the activities of the Academy until he tired of them or his means 
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gupport ran out. At some point, Plato purchased a plot of land close to 
j e Academy which could be used for some of its activities. The posses- 
sjon of private property, along with Plato's provision for the selection of a 
sor, doubtless contributed to the longevity of the school. 
Aristotle was a member of Plato’s school for twenty years, until Plato’s 
in 348 or 347. When he returned to Athens in 335, following the im- 
ition of Macedonian rule, Aristotle did not resume membership in the 
‘academy, as he could perfectly well have done, but founded a rival schoo! 
jp another Athenian gymnasium, the Lyceum. The Lyceum, like the Acad- 
emy, had long been the scene of educational activity. Aristotle and his fol- 
lowers were accustomed to gather in a colonnaded walk (peripatos) in the 
Eyceum and thereby acquired (or assumed) the designation “peripatetic,” 
py which they have since been known. Aristotle's Lyceum and Plato's Acad- 
emy were alike in many respects, but they differed in method and empha- 
sis. Methodologically, Aristotle inaugurated the practice of cooperative 
research, exhibited in his natural history and also in the systematic collec- 
tion of earlier philosophical literature. As for emphasis, Aristotle's biologi- 
cal interests stand in rather strong contrast to Plato's mathematical ones; 
andi there is the obvious divergence between Platonic and Aristotelian 
metaphysics> 

Athens had by this time acquired educational leadership within the 
Greek world, and other teachers soon arrived to take advantage of the op- 
portunities. Zeno of Citium arrived in Athens about 312 and subsequently 
began to teach in the stoa poikilé (painted colonnade) in a corner of the 
Athenian agora, thus founding a school of what came to be called “Stoic” 
philosophy. Epicurus, an Athenian citizen born on the island of Samos, re- 
tumed to Athens about 307, purchased a house and garden, and there 
founded a school of “Epicurean” philosophy that survived into the Chris- 
tian era. 

The Academy, the Lyceum, the Stoa, and the Garden of Epicurus—the 
four most prominent schools in Athens—all developed institutional iden- 
tities that enabled them to survive their founders. The Academy and the 
Lyceum seem to have had continuous existence until the beginning of the 
first century ».c. (perhaps until the sack of Athens by the Roman general 
Sulla in 86 ».c.). It is often claimed that the Academy survived until closed 
by the Emperor Justinian in 529 ap. The truth seems to be that Neo- 
platonists refounded the Academy in the fifth century a.p. and managed to 
keep it alive until about 560 or later; however, there was no institutional 
continuity between this and Plato’s school. The Stoa survived into the sec- 
ond century a.D., and the Epicurean school into the following century.° 


74 Chapter Four 


Meanwhile the Athenian model had been exported to other parts of the 
Greek world, particularly Alexandria (in Egypt). At the death of Alexander 
the Great, his generals divided his empire, Egypt and Palestine falling 1 
Ptolemy. Alexandria became Ptolemy’s capital, and through his Patronage 
and that of his successors it grew in size and magnificence and Soon 
achieved a position of educational superiority. When Demetrius Phaleton, 
formerly a member of Aristotle’s Lyceum, was overthrown as Dictator of 
Athens in 307, Ptolemy invited him to Alexandria, where he probably influ- 
enced his patron’s decision to found the Museum—not a building where 
artifacts could be displayed, but a temple to the muses and therefore si- 
multaneously a religious shrine and a place of learning. Connections be- 
tween the Museum and the Lyceum are further illustrated by the fact thar 
Strato, the third head of the Lyceum, spent a period at the Ptolemaic cour, 
tutoring the royal offspring. The Museum seems to have consisted of cer- 
tain buildings in the royal quarter and (since it was a temple) to have been 
presided over by a priest. With its associated Library (containing, by one 
ancient estimate, almost half a million rolls) and the generous patronage 

of the Ptolemaic kings, and in view of the eventual decline of Athenian 

| schools, it became the major research institution of the Hellenistic pe- 

i tiod—one of the primary links between early Greek thought and the Rọ- 
| man and medieval periods.” 

The establishment of the Museum in Alexandria is of importance not 

| only because of the significance of the research carried out there, but also 

because it is the first instance of the support of advanced learning through 

public or royal patronage. This pattern was extended in the period 140- 

80 a.D. by the Roman emperors Antoninus Pius and Marcus Aurelius, who 

endowed imperial chairs for teachers of rhetoric and philosophy in Ath- 

ens and elsewhere. Marcus Aurelius saw to the establishment in Athens of 

chairs for each of the major philosophical traditions—Platonic, Peripatetic, 

Stoic, and Epicurean—a model quickly imitated elsewhere in the Greek 

world. In the long run, this pattern exerted a strong influence on Roman 

and Christian educational practice. 


THE LYCEUM AFTER ARISTOTLE 


Aristotle made the acquaintance of Theophrastus (ca. 371—ca. 286) during 
his travels in Asia Minor, probably during his stay on the island of Lesbos 
(Theophrastus’ birthplace) in the 340s. They became close associates, and 
when Aristotle returned to Athens in 335, Theophrastus joined him and 
participated for the next thirteen years in the activities of the Lyceum. 
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Upon Aristotle's death, Theophrastus assumed the headship of the Lyceum, 

4 positon that he held for thirty-six years, 

Theophrastus appears to have shared Aristotle’s general philosophical 
quilook, his methodological commitments, and his range of interests. The- 
stus continued to teach and to carry out the collaborative research 
pojects in natural history and the history of philosophy begun during 
aristotle’s lifetime. He collected the opinions of the pre-Socratic philoso- 
cs in a book, which gave rise to what we now call the “doxographic” 

(or “opinion”) tradition—a series of handbooks in which philosophical 
opinion on a variety of topics was collected and preserved. Most of The- 
ophirastus’ writings are now lost, but among the surviving treatises are two 
botanical works and a treatise on minerals that reveal a high level of com- 
mitment to the Aristotelian research program. Like Aristotle’s zoological 
works, the botanical works contain meticulous descriptions of plant life 
(more than 500 varieties are mentioned), thoughtful attempts at classifica- 
tion, and intelligent physiological theorizing. Theophrastus accepted many 
of Aristotle’s explanatory principles (association of life with vital heat, for 
example) and stressed the necessity of employing a rigorous empirical 
methodology. In his work On Stones, he followed Aristotle in dividing 
minerals into metals (in which the element water predominates) and 
*earths” (in which the element earth predominates). He proceeded to a 
systematic description of a wide variety of rocks and minerals. 

While carrying out Aristotle's research program, Theophrastus was also 
prepared to question and disagree with aspects of Aristotelian natural phi- 
losophy. Three examples will serve to illustrate. Theophrastus expressed 
reservations about Aristotle's teleology, pointing out that not all features of 
the universe serve any identifiable purpose and that there is a substantial 
random element in the world. He reconsidered Aristotle’s theory of the 
four elements and called into question the status of fire as an element, And 
he disagreed with Aristotle on light and vision, questioning Aristotle’s 
opinion that light is the actualization of the transparency of the medium 
and expressing the view that the eyes of animals contain a kind of fire, the 
emission of which explains nocturnal vision? 

An achievement of quite a different sort was Theophrastus’ acquisition 
of property for the Lyceum. Though not an Athenian citizen, Theophrastus 
received special dispensation to purchase a parcel of land close to the 
gymnasium; there, in several buildings, the school’s library was presum- 
ably housed and work space provided. This real estate Theophrastus be- 
queathed to his scholarly colleagues in his will: “I give the garden, the 

Deripatos, and all the houses along the garden to those of my friends, 
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named herein, who wish continually to practice education and philosophy 
together in them . . . ; my condition is that no one alienate the property or 
devote it to private use but thar all should hold it in common as if it were a 
sanctuary.”® 

The library of the peripatetic school experienced a more complicated 
fate. In his will Theophrastus bestowed the library (which contained not 
only his own books but also Aristotle's} on Neleus, whom he may have 
intended to succeed him. When the senior members of the community 
chose Strato instead, Neleus returned home to Skepsis in Asia Minor, 
taking the books (or many of them, at least) with him, thereby depriving 
the Lyceum of vital resources. This library survived more or less intact un- 
til early in the first century B.c,, when (according to the historian Strabo— 
not to be confused with Strato) it was purchased from Neleus’s heirs and 
returned to the peripatetic school in Athens. Shortly thereafter, Athens felt 
to Sulla, who shipped the books to Rome. There they came into the hands 
of Andronicus of Rhodes, who arranged and edited them, bringing them 
into wider circulation.” 

Meanwhile Strato (from Lampsacus in Asia Minor) took over leadership 
of the Lyceum, a position that he held for eighteen years (286-268). Strato 
appears to have had interests almost as wide as those of Aristotle and The- 
ophrastus. However, none of his works has survived intact, and we must be 
content with a fragmentary picture of his philosophical and scientific a¢- 
tivity, reconstructed from scattered quotations and paraphrases in the 
works of later writers. It appears that Strato endeavored to correct and ẹx- 
tend the work of Aristotle and Theophrastus on a variety of subjects. He 
certainly did not hesitate to question their views or to borrow from other 
philosophical traditions when there seemed good reason for doing so. 

Strato’s most notable contributions (as transmitted to us) were in refer- 

ence to motion and the underlying structure of the physical world. Strato 
proposed a fundamental revision in Aristotle’s theory of motion when he 
denied the distinction between heavy and light bodies, arguing that all 
bodies have weight in greater or lesser degree. Air and fire rise, then, not 
because they are absolutely light, but because they are displaced by heav- 
ier bodies. Strato also opposed Aristotle’s theory of place and space. And 
he set forth observational evidence to demonstrate that heavy bodies ac- 
celerate as they descend (a feature of falling bodies not treated by Aris- 
totle). Strato pointed to the fact that a stream of water falling from a height 
is continuous at the top, but discontinuous near the bottom—a fact to be 
explained by steadily increasing speed. In support of the same conclusion, 
he noted that the impact made by a falling body is a function not simply of 
its weight, but also of the height of its fall.” 
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Although there is no question that Strato remained fundamentally Ari 
totelian in his view of the underlying structure of the corporeal So te 
also clear that he imported corpuscular notions into Peripatetic natu F 
philosophy—possibly through the influence of Epicurus, who taught ee 
time in Strato’s home town, Lampsacus, and also overlapped with Strato i 
Athens. Corpuscular ideas are most obvious in Strato’s belief that light ie 
material emanation and that bodies are not continuous but contain inter. 
particulate void spaces, Strato used the notion of void spaces to explai i 
various properties of matter, including condensation, rarefaction, aS 
ticity. While acknowledging the existence of tiny void spaces distributed 

through matter, Strato denied the natural existence of continuous void 
space. We must be careful not to make Strato into a full-fledged atomist, fo 
it appears that he retained a belief in the infinite divisibility of cor] jeu 
substance, thus rejecting the one absolutely essential feature of A 
istic philosophy—namely, belief in the existence of irreducible atoms, 
Some of Strato’s successors as head of the Lyceum are known b fare 
down to the end of the second century b.c. There can be no reine the 
school was the scene of regular lectures on Peripatetic philosophy and 
continuing attempts to clarify Aristotle's philosophy and organize ihe ma- 
terials that he had left behind, However, we have no record of fresh con- 
tributions to natural philosophy, nor of Particularly sharp and tellin 
criticism of traditional peripatetic philosophy, until after the Lyceum had 
peed to function. Nonetheless, Aristotle's works continued to be known 
and commented upon, especially after Andronicus of Rhodes produced hi 
aew edition of the Aristotelian corpus. In the middle of the first centu: ; 
B.C, we find commentaries by Boethus of Sidon (a student of Andronic p 
and Nicholas of Damascus (historian at the court of Herod the Gan 
About 200 AD. Alexander of Aphrodisias was lecturing on peripatetic hi- 
losophy in Athens and writing important and influential Comer Hate 
p vatiety of Aristotelian works, Finally, the Aristotelian commentaries of 
Simplicius and John Philoponus (both Neoplatonisis) testify to the persis. 
tence of the Aristotelian tradition as late as the sixth century a.D. eee 
attention to this tradition in Islam and medieval Christendom would once 
again restore Aristotle's philosophy to a position of leadership.” 


EPICUREANS AND STOICS 


ae ellenic, period, followers of Plato and Aristotle continued to 
aM A and modify Platonic and Aristotelian Philosophy. At the 

; » alternative philosophical systems were developing, two of 
which became serious rivals. Both contained familiar elements, Bar both 
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of bright light, All things and all phenomena in our world (and in the in- 
finity of other worlds that exist) are reducible to atoms and the void; the 
themselves must be of atomic composition. The sensible qualities of 
things (we now call them “secondary qualities”), such as flavor, color, and 
warmth, have no existence in the individual atom, the only genuine prop- 
erties Of which are shape, size, and weight. This is a passive, mechanistic 
world, in which everything is the result of mechanical causation (with one 
exception, to be mentioned below); there is no ruling mind, no divine 
providence, no destiny, no life after death. And there are no final Causes: as 
Lucretius (d. ca. 55 8.c.) was to put it, in his account of Epicurean philoso- 
phy, “all the members [of the body]. . . existed before their use; they could 
not then have grown up for the sake of use." 
But Epicurus and his followers did more than propagate the philosophi- 
eal system of the ancient atomists. They also had to adapt the atomic phi- 
losophy so that it could serve ethical functions. And they modified its 
content to resolve difficulties, meet objections, and generally increase its 
explanatory power. For example, Epicurus opposed the rationalism of De- 
Fig. 4.3. Epicurus, Museo Vaticano, mocritus, arguing that all sensation is fundamentally trustworthy.’ From 
om City. Alinari/Are Resource this it seemed to follow that sensible or secondary qualities possess reality 
a atthe macroscopic level, even though (as Democritus had argued) they do 
not exist in the atoms. 
Amore significant modification of the content of atomistic natural Philos- 
ophy was Epicurus's doctrine of the swerve, designed not only to save atom- 
pecis of philosophy to ethical concerns, istic cosmology from fatal objections, but also to eliminate the threat of 
The aim of philosophy, according to Epicurus (341-270 n.c.), is to se- determinism from Epicurean ethics, According to Epicurus, atoms possess 
cure happiness. “To say that the season for studying philosophy has not yet shape and size (as Leucippus and Democritus had argued), but also weight. 
come, or that it is past and gone,” Epicurus wrote to Menoeceus, “is like Their weight causes them to Fall in the infinite void, producing what might 
saying that the season for happiness is not yet or that it is now no more.” be regarded sa primeval cosmic rain. Because none ofthe atoms encoun- 
The way to achieve happiness, Epicurus believed, was to eliminate feat of ter resistance, all descend at the same speed, and none is ever overtaken by 
the unknown and the supernatural, and for this purpose natural philoso- another. Now this is a totally unsatisfactory cosmology, because it seems to 
phy was ideally suited. A maxim attributed to Epicurus reads as follows: “If rule out the veny. collisions that give atomism its explanatory power. Epi- 
we had never been molested by alarms at celestial and atmospheric phe: cerus dealt with the difficulty by postulating an infinitesimal swerve: an 
nomena, nor by the misgiving that death somehow affects us, nor by nê- atom shifts its line of descent the least possible amount, setting off a chain 
glect of the proper limits of pains and desires, we should have had no reaction of collisions. The most troublesome feature of this theory is that the 
need to study natural philosophy.” Not only is natural philosophy a vehicle 28 must be an uncaused event, since if it were caused, it could only be 
for the achievement of happiness; that is its sole function.” caused by collision with another atom; and the impossibility of sich colli- 
Epicurus’s natural philosophy borrowed many elements from ancient “a is, of course, precisely the difficulty we are trying to escape. 
atomism. The universe was conceived to be eternal, consisting of an in- we are tempted to judge Epicurus harshly for the invention of un- 
finite void within which an infinity of atoms engage in perpetual motion, p events (which are still a philosophical embarrassment, even if they 
tossed about “as if in everlasting combat,” like particles of dust in a beam © appear in some interpretations of modern quantum mechanics), we 


were new in the prominence they gave to ethical questions. Indeed, what 
is striking about both is their determination to subordinate all other as. 
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need to notice that the swerve not only accounts for the Origin ofthe 

atomic maelstrom, which in turn explains the world in which we live; 
also breaks the deterministic chain that would eliminate human responsi 
bility and destroy Epicurus’s ethical system. If the world is totally subject go 
rigid mechanical causation, then human action cannot be free; and if hy. 
mans do not choose freely, they are without responsibility. The swerve ie 
troduces an element of indeterminism into the universe; and even if this 
does not explain how free choice is actually exercised (a question te 
which we still do not know the answer), by revealing a break in the chain 
of rigid causal necessity it makes room for the possibility of free human 
volition. This is doubtless not an entirely satisfactory solution, but to have 
perceived the problem of free will in a mechanical universe ( Epicurus was 
the first to do so) is of itself a significant achievement. 

The founder of Stoic philosophy was Zeno (ca. 333-262 Bc.) from Cit- 
ium on the island of Cyprus. This Zeno, who is not to be confused with 
Parmenides’ disciple of the same name, came to Athens and spent about a 
decade studying in a variery of Athenian schools, including the Academy, 
before setting up his own school in the stoa poikilé about 300. Zeno was 
succeeded by Cleanthes of Assos (331-232 s.c.) and Chrysippus of Soli (ca 
280-207 B.c.), powerful thinkers in their own right, who contributed. as 
much as Zeno to the development of Stoicism as a systematic philosophy. 
Stoic philosophy, as an active scholarly tradition, survived into the second 
century A.D.; its influence, however, can be traced as late as the seventeenth 
century.” 

Stoics and Epicureans were in radical opposition on most subjects, but 
they agreed on a few things. They agreed, in the frst place, on the subor- 
dination of natural philosophy to ethics; in both philosophical schools, the 
pursuit of happiness was regarded as the goal of human existence. Stoics 
believed that happiness could be obtained only through living in harmony 
with nature and natural law; and living in harmony with nature required à 
knowledge of natural philosophy. In the second place, members of both 
philosophical schools were committed materialists, arguing strenuously 
that nothing exists except material stuff. 

This shared materialism was important common ground; it meant that 
Stoics and Epicureans were allies in the battle against proponents of any 
nonmaterialist philosophy, such as Plato and his followers. However, once 
we move beyond this basic proposition, we find that Stoics and Epicureans 
had fundamentally different visions of the universe. Epicureans believed 
that matter was discontinuous and passive—consisting of discrete, un- 
breakable, lifeless atoms, which moved mindlessly in infinite void space. 
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was a mechanistic universe. Stoics, by contrast, created a model of 

ic universe, Characterized by continuity and activity. Let us use 

contrasts (continuity-discontinuity and activity-passivity) as points of 
{nto Stoic natural philosophy.” 

Matter, Stoics believed, does not present itself in the form of atoms, each 

with wpermanent identity, but as an infinitely divisible continuum, contain- 
ing 20 natural breaks and no void spaces. Size and shape, therefore, are 
not permanent attributes of matter, for matter can be chopped up into 
ieces Of whatever size and shape we please. While allowing no void 
within the world, the Stoics did acknowledge an extra-cosmic void, view- 
ing the cosmos as an island of continuous matter surrounded by an infinite 
vold space, 

Stoics followed the Epicureans in acknowledging a passive side to mate- 
tial things, but they were convinced that it could not be the whole story. 
The Epicurean position was vulnerable to the following objection. If an 
individual object derives all of its properties from the chance configura- 
tian of tiny lifeless pieces of mater, there can be no convincing explana- 
tion of many of the properties of the whole. The only properties possessed 
by Epicurean atoms are size, shape, and weight. How, then, could an Epi- 
curean explain as simple and basic a property as cohesiveness—the fact 
that a rock remains a rock, resisting disintegration into its constituent par- 
ticles? Where does the coldness of a block of ice come from, since cold- 
ness is not a property of its constituents? And how do we explain color, 
flavor, and texture? Or to turn to a far more difficult case, where do the 
characteristics of living things come from—the life cycle of a plant, the re- 
productive behavior of an insect, or the personality of a human being? If 
the family dog is merely a chance configuration of inert matter, how do 
we explain its obsession with chasing mail carriers? It would seem that be- 
sides passive matter there must be an active principle, having the capacity 
to organize passive matter into an organic unity and account for its charac- 

teristic behavior. There must be something that is acted upon; but there 
must also be something that acts, and in a materialistic world that some- 
thing must be material. 

The Stoics identified this active principle with breath or pneuma, the 
subtlest of substances, which totally interpenetrates everything, binding 
the recipient passive matter into unified objects and endowing these ob- 
jects with their characteristic properties. But it is important to keep in 
mind that pneuma is more than a subtle, all-penetrating substance; it is 
also an active and rational substance, the source of vitality and rationality in 
the cosmos. Indeed, Stoics identified pneuma with divine rationality and 
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with deity itself. The equation pneuma=reason=god may seem odd from 
a modern point of view, and certainly wrong from a Judeo-Christian Poin; 
of view, but it was basic to Stoic cosmology. Deity had been brought down 
from thc heavens, materialized, and made to account for activity and order 
in the universe. 

Let us scrutinize this pneuma more closely, inquiring into its Structure 
(if any), the source of its organizing capabilities, and its relationship tO pas- 
sive matter. Stoics accepted the existence ofthe four Aristotelian elements, 
but divided them into two &roups on the basis of activity, They regarded 
earth and water, the Principal ingredients of tangible objects, ag Passive 
elements, air and fire as active elements. Air and fire mix in Various pro. 
Portions (the Stoics had in mind a total, homogeneous blending) to pro- 
duce a variety of pneumas. Thus air and fire act, while water and earth are 
acted upon. 

Pneumas come in various grades. At the lowest level, the pneuma that 
accounts for the cohesion of what we would regard as inorganic bodies— 
rocks and minerals, for example—is called pexis. The pneuma of planty 
and animals, which gives them their vital properties, is physis. And the 
highest grade of pneuma, possessed by humans and accounting for their 
rationality, is psyché. Now Stoics identified the Pneuma of an object with 
soul. It follows that every individual thing is permeated by soul, and this 
soul functions as its Organizing principle. There must even be a cosmic 
pneuma, a world soul, since the cosmos 100 is an Organic unity, having 
characteristics that require active principles for their explanation. The pro- 
foundly vitalistic character of Stoic natural philosophy should be evident, 

Pneumas exist in a state of tension or elasticity. This tension accounts for 
that most basic Property of all objects, cohesion. At higher levels, different 

tensions account for the variety of Properties and personalities observable 
in the world, And finally, it may be well to reiterate that the reladonship of 
pneuma to its host body is one of total mixture or interpenetration, both 
substances occupying the same space. 

Stoic cosmology, like that of Plato and Aristotle, was geocentric. How- 
ever, the Stoics followed the atomists and departed decisively from Aris- 
totle, refusing to make any kind of radical distinction between the terrestrial 
and celestial regions; when it came to such fundamental matters as the 
Composition and laws of nature, the Stoic cosmos was homogeneous, The 
Stoics agreed with Aristotle on the eternity of the universe, but in place of 
his belief in cosmic stability they substituted a cyclic theory inspired by 
pre-Socratic thought. According to a variety of Stoic thinkers, there is an 
eternal cosmic cycle of expansion and contraction, conflagration and rê- 
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ration. In the expansive phase, the world dissolves into fire; in the 
guntractive phase, fire yields again to the other elements, and the woud as 
je know it is regenerated. This cycle is repeated eternally, producing an 
RAA sequence of identical worlds,” 
Finally, we must note that the Stoic universe was conceived to be both 
purposeful and deterministic. Permeated as it was with mind and deity, the 
Sipit cosmos was inevitably suffused with purpose, rationality, and Provi- 
dence. Ar the same time, its course was rigidly determined. Stoic philoso- 
phy maintained that there are causal chains (themselves the products of 
divine rationality) that cannot be violated and that totally determine the 
sequence of events. As Cicero put it in On Divination, “nothing has hap- 
pened which was not going to be, and likewise nothing is going to be of 
which mature does not contain causes working to bring that very thing 
about. This makes it intelligible that fate should be, not the ‘fate’ of super- 
tition, but that of physics."* 

We have seen that the natural philosophies of the Stoics and the Epi- 
cureans were, in many ways, opposites. Whereas Epicurean philosophy 
hael as one of its principal aims the combating of Platonic and Aristotelian 
teleology, Stoic philosophy was directed toward the discovery of purpose 
and the defense of teleology. Whereas Epicureans portrayed a mechanistic 
universe, Stoics discovered an organic one. Whereas Epicurus struggled to 
introduce an element of indeterminacy into his otherwise mechanistic uni- 
verse, the Stoics were content with an organic universe where rigid deter- 
minacy reigned. In the short run, the Stoic vision of the cosmos seemed 
the more plausible of the two and became a prominent philosophical op- 
tion in late antiquity. In the long run, both Stoic and Epicurean philosophy 
were resurrected in the early modern period and presented as alternatives 
10 the Platonic and Aristotelian world pictures; and each played a part in 
shaping the new philosophy of the seventeenth century. 


FIVE 


The Mathematical 
Sciences in Antiquity 


THE APPLICATION OF MATHEMATICS TO NATURE 


Within the Western scientific tradition there has been a long debate about 
the applicability of mathematics to nature. The question is whether the 
world is fundamentally mathematical, in which case mathematical analysis 
is the sure route to deeper understanding, or whether mathematics is ap- 
plicable only to the superficial quantifiable aspects of things, leaving the 
ultimate realities untouched. There can be no doubt that natural scientists 
in the modern period seem increasingly inclined to resolve the question 
in favor of the mathematical approach. However, the alternative is not 
without its defenders; and the debate remains lively among social scien- 
tists and historians. 

The ancient Pythagoreans appear to have maintained that nature is 
mathematical through-and-through. If Aristotle can be trusted, the Pythag- 
Oreans went to the extreme of claiming that the ultimate reality is number 
(see chap. 2 for additional discussion). Plato took up with a vengeance the 
Pythagorean program in his theory of matter, arguing that the four elements 
are reducible to regular geometrical solids, which are reducible in turn to 
triangles. Thus for Plato the fundamental building blocks of the visible 
world were not material, but geometrical; moreover, what binds everything 
together into a unified cosmos, Plato argued, is not a physical or mechanical 
force, but simply geometrical proportion.’ 

There can be no question that Aristotle was mathematically informed. 
He modeled his theory of knowledge on mathematical demonstration, he 
utilized geometry in his theory of the rainbow, and he employed theory of 
Proportion in his analysis of motion. But Aristotle was convinced that there 
was a difference between mathematics and natural science or physics. 
Physics, by his definition, considers natural things in their entirety, as sen- 
sible, changeable bodies. The mathematician, by contrast, strips away all of 


86 Chapter Five 


the sensible qualities of bodies and concentrates on the mathematica) 
remainder: 


in his investigations [the mathematician] first abstracts every- 
thing that is sensible, such as weight and lightness, hardness 
and its contrary, and also heat and cold and all other sen- 
sible contrarieties, leaving only quantity and continuity— 
sometimes in one, sometimes in two and sometimes in three 
dimensions. . . 2 


The mathematician is concerned only with the geometrical Properties of 
things, and these by no means exhaust reality. Reintroduce weight, hard. 
ness, warmth, color, and the other qualities that exist in the real world, and 
you have moved out of the mathematical realm and back into the subject 
matter of physics, 

So Aristotle took a middle road on the question of the applicability of 
mathematics to nature. He was convinced that mathematics and physics are 
both useful, but it was clear to him that they are not the same thing; the 
mathematician and the physicist may study the same object, but they 
concentrate on different features of it. Nonetheless, there are certain 
Subjects—astronomy, optics, and harmonics—that exist in the borderland 
between mathematics and physics. In these subjects, which came to be 
called the “middle” or “mixed” Sciences, the mathematician may be able 
to supply the cause or explanation of the facts established by the physicist, 

Plato and Aristotle thus provided two theories of the relationship be- 
tween mathematics and nature, and these became the poles between 
which natural scientists have vacillated from antiquity to the present. How- 
Ever, our interest is not only in theories about the applicability of mathe- 
matics to nature, but also in the ways in which these theories were 
practiced. To observe the Greeks actually at work, applying mathematics to 
nature, we will examine the subjects of astronomy, optics, and the balance 
or lever. In order to prepare ourselves for that investigation, we must first 
glance at the Greek achievement in pure mathematics. 


GREEK MATHEMATICS 


We know little about the origins of Greek mathematics. There is no ques- 
tion that early Greek mathematicians had access to the Egyptian, and 
especially the Babylonian, mathematical achievement (see chapter 1). But 
from the beginning Greek mathematics was different; and the difference 
lay chiefly in Greek geometry, with its orientation toward abstract geo- 
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Fig, 5.1. The incommensurability of 
thesideand the diagonal ofa square. z 
rical knowledge and its formal methods of inference and proof. One 
E for the Greek emphasis on geometry may have been the discovery, 
aa within the Pythagorean school, that the ratio between the side and 
onnal of a square cannot be represented by any pair of whole num- 
bers. More technically, we refer to this as the incommensurability of the 
side and the diagonal; another way of expressing the same result is to 
eak of the irrationality of V2 (the length of the diagonal of a square 
Price side is 1; see fig. 5.1). It is possible that this irrationality persuaded 
Greek mathematicians of the unsuitability of numbers (positive integers, 
on the Greek view) for the representation of reality and thus encouraged 
ment of geometry? 
Se ae only peopel evidence for specific mathematical develop- 
ments in the period before Euclid (who flourished about 300 BC), but it is 
universally acknowledged that those developments were codified in Eu- 
clid’s own mathematical textbook, the Elements.‘ Here we find mathemat- 
ics highly developed as an axiomatic, deductive system. The ee 
begins with a set of definitions: of a point (“that which has no part”), a une 
(“length without breadth”), a straight line, a surface, a plane surface, ; 
plane angle, right, acute, and obtuse angles, various plane figures, paralle: 
lines, and so forth. The definitions are followed by five postulates: that a 
line can be drawn from a point to any other point, that a straight iine can 
be extended continuously from either end, that a circle of any radius can 
be drawn about any point, that all right angles are equal, and a statement of 
the conditions under which straight lines will intersect. The postulates 
are followed by five “common notions,” or axioms—self-evident truths 
needed for the practice of correct thinking in general and mathematics in 
particular. These include the claim that things equal to the same thing are 
equal to each other, that equals added to equals yield equal sums, and that 
the whole is greater than the part. These preparatory claims lay the 
groundwork for the propositions that fill the thirteen books that follow. A 
typical proposition begins with an enunciation, followed by an example, a 
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further definition or specification of the Proposition, and a construct; 
ends with a proof and a conclusion, What is important to note is thar Š 
conclusion of a proper Euclidean demonstration follows necessarit f hi: 
definitions, postulates, axioms, and Previously proved propositions € 
effectively did Euclid wield this method that, through his influence—, X 
that of Aristotle, whose method resembled Euclid’s in several critical 
spects—it became the standard for scientific demonstration down to P 
end of the seventeenth century. w 
We need not pause long over the content of Euclid’s Elements, for 
bears a close resemblance to the geometry taught in the modern pia 
ary school. Books I-VI develop the elements of plane geometry; book x j : 
devoted to a classification of incommensurable magnitudes; and bake 
XI-XII treat solid geometry. In books VII~IX Euclid takes up arithmetical 
topics, including the theory of numbers and of numerical proportion, OF 
the many achievements in the Elements, one that must be mentioned be- 
cause of its future significance is the development of the method of “ex 
haustion"—probably borrowed by Euclid from his predecessor Eudoxus 
and destined to influence a variety of followers, including Archimedes, Eu- 
clid shows (XII, 2) how to “exhaust” the area of a circle by means of F 
inscribed polygon; if we successively double the number of sides in the 
polygon, we will eventually reduce the difference between the area of the 
polygon (known) and the area of the circle (unknown) to the point where 
it is smaller than any magnitude we choose (see fig. 5.2). This method 
made it possible to calculate the area of a circle to any desired degree of 
accuracy; with a litle further development, it could be used to calculate 
the area within (or under) other curves as well. Another important feature 
of the Elements is its exploration of the properties of the five regular geo- 
metrical solids, sometimes known as the “Platonic solids," and its demon- 


stration (XIII, 18) that there are no regular geometrical solids beyond 
these five.* 


Fig. 5.2. Determining the area 
of a circle by the method of 
“exhaustion.” 
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puclid was followed by a series of brilliant Hellenistic mathematicians, 
he greatest of whom was undoubtedly Archimedes (ca. 287—212 ».c.). Ar- 
SAR s contributed to both theoretical and applied mathematics, but he 
m especially esteemed for the elegance of his mathematical proofs. In 
some of bis most important work, Archimedes developed the method of 
exhaustion and applied it to the calculation of areas and volumes, includ- 
ing the area enclosed within a segment of a parabola, the area bounded by 
certain spirals, and the surface area and volume of a sphere. He calculated 
an improved value for a (the ratio of the circumference to the diameter of 
a circle), showing that it must fall between 3 10/71 and 3 1/7. Archimedes 
had a profound influence on the subsequent development of mathematics 
ind mathematical physics, particularly after his works were rediscovered 
and reissued in the Renaissance. We will examine his contributions to 
physics below.° 
A final Greek mathematical achievement that must be mentioned is the 
work of Apollonius of Perga (fl. 210 nc.) on conic sections. Apollonius 
studied the ellipse, parabola, and hyperbola—the plane figures formed 
when a circular cone is cut at various angles by a plane surface—and set 
out a new approach to their definition and methods of generation. His 
book on conic sections, like the works of Archimedes, was destined to 
have a major influence in the early modern period. 


EARLY GREEK ASTRONOMY 


Early Greek astronomy appears to have been concerned primarily with ob- 
servation and mapping of the stars, with the calendar, and with the solar 
and lunar motions that had to be plotted before a satisfactory calendar 
could be constructed. The major difficulty in the calendar arose from the 
fact that the solar year is not an integral multiple of the lunar month. That 
is, in the time required for the sun to complete one circuit of the zodiac, 
the moon completes twelve circuits plus a fraction. Thus a calendar based 
on twelve months of twenty-nine or thirty days each is too short by about 
eleven days, and the calendar and the seasons will not be synchronized. 
Various schemes were developed for inserting an additional month as 
needed, in order to bring the calendar back into phase with the seasons. 
These calendric efforts culminated in the Metonic cycle, proposed by 
Meton (fl. 425 B.c.), based on the understanding that to a very close ap- 
proximation nineteen years contain 235 months. Therefore, in a nineteen- 
year cycle, there will be twelve years of twelve months and seven years of 
thirteen months. It seems that Meton intended this as an astronomical, 
rather than a civil, calendar; and it was put to astronomical use for several 
centuries.” 
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Fig, 5.3. Two-sphere model of the cosmos, 


Greek astronomy took a decisive turn in the fourth century with Plato 
(427—348/47) and his younger contemporary Eudoxus of Cnidus (ca. 
390—ca. 337 a.c.). In their work we find (1) a shift from stellar to planetary 
concerns, (2) the creation of a geometrical model, the “two-sphere 
model,” for the representation of stellar and planetary phenomena, and 
(3) the establishment of criteria governing theories designed to account 
for planetary observations. Let us consider these achievements in some 
detail. 

The two-sphere model devised by Plato and Eudoxus conceives the 
heavens and the earth as a pair of concentric spheres. To the celestial 
sphere are affixed the stars, and along its surface move the sun, the moon, 
and the remaining five planets. The daily rotation of the celestial sphere 
accounts for the observed daily rising and setting of all of the celestial 
bodies. Corresponding circles on the two spheres divide them into zones 
and mark out the motions of the wandering stars. Figure 5.3 reveals 
roughly what Plato and Eudoxus had in mind. The terrestrial sphere is 
fixed in the center, while the celestial sphere rotates daily about a vertical 
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4, The equator of the earth projected onto the celestial sphere defines 
celestial equator. The circle along which the sun, moon, and planets 
in their journey through the celestial sphere—a circle tilted ap- 
imately 23° with respect to the equator and passing through the 
center of the zodiac—is the ecliptic. The ecliptic and celestial equator 
intersect at the equinoxes, when the sun, in its annual trip around the 
ecliptic, reaches the fall equinox (approximately September 21), autumn 
ins; when it reaches the spring equinox, spring begins. The points at 
which the ecliptic is most distant from the equator are the solstices; when 
the sun reaches the summer solstice (approximately June 21), summer be- 
The circles drawn parallel to the equator through the summer and 
winter solstice, respectively, are the Tropics of Cancer and Capricorn? 

The movements of the sun, moon, and remaining planets had been care- 

fully observed and well charted by the fourth century, In the model of 
Plato and Eudoxus, the sun circles the ecliptic once a year, while the moon 
completes its circuit in a month, both moving in a west-to-east direction 
and with nearly uniform speed. The other planets—Mercury, Venus, Mars, 
Jupiter, and Saturn—also follow the ecliptic (deviating from it by no more 
than a few degrees), moving in the same direction as the sun and moon 
but with considerable variations in speed. Mars, for example, goes around 
the ecliptic once in about 22 months (687 days); about once every 26 
moaths it slows to a halt, reverses itself (moving now in an east-to-west 
direction), halts again, and then resumes its usual west-to-east motion. This 
reversal of direction is called “retrograde motion,” and it is exhibited by 
all of the planets except the sun and moon. Figure 5.4 illustrates the ob- 
served retrograde motion of Mars. 

Oné further striking feature of planetary motion known to Plato and Eu- 
doxus was the fact that Mercury and Venus never stray far from the sun 
(the maximum elongation is 23° for Mercury, 44° for Venus). Like dogs on 
a leash, they can run ahead of the sun or lag behind it, but they can never 
be more distant from it than the fixed length of the leash allows. Finally, 
© appreciate the achievement embodied in the two-sphere model, we 
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Fig. 5.4. The observed retrograde 
Motion of Mars in the vicinity of the 
Constellation Sagittarius, 1986. Data 
“plied by Jeffrey W. Percival. 


Fig. 5.5, The Eudoxan spheres for one of the planets. 


must understand that all of these motions are occurring on the surface of 
the celestial sphere while that sphere is going through its daily rotation 
around the earth. The resulting motion, observed from the fixed earth, will 
be a combination of the irregular motion of the planet around the ecliptic 
and the uniform daily rotation of the celestial sphere; it is meant to capture 
the bewildering complexity of observed planetary positions. The two- 
sphere model is thus a geometrical way of conceiving and talking about 
planetary phenomena. 

It is a fine thing to create a geometrical language for talking about plane- 
tary motion, and it is laudable to present a rough description of planetary 
motion around the ecliptic. But there is something more to which we 
might aspire: if we really wish to bring order and intelligibility to this “‘be- 
wildering complexity” in the heavens, we must take the intricate, variable 
motion of each planet and reduce it to some combination of uniform 
motions, That is, we must assume that disorder conceals order, that be- 
neath irregularity lies regularity, and that this underlying order or regu- 
larity is discoverable. A late, and possibly unreliable, account gives Plato 
the credit for laying out this assumption as a research program, challeng- 


The Mathematical Sciences in Antiquity 93 


Fig 56. The Eudoxan spheres and the hippopede. 


ingastronomers or mathematicians to determine what combination of uni- 
form circular motions would account for the apparent, irregular planetary 
motions,” 

Whether it was indeed Plato who first posed the question, it is clear that 
Eudoxus first proposed an answer to it. Eudoxus’s idea was ingenious, but 
fundamentally simple. The goal was to treat each irregular planetary mo- 
tion ag a composite of a series of simple uniform circular movements. To 
achieve this goal, Eudoxus assigned to each planet a set of nested con- 
centric spheres, and to each sphere one component of the complex plane- 
tary motion (see fig. 5.5). Thus the outermost sphere for, say, the planet 
Mars rotates uniformly once a day to account for Mars’ daily rising and set- 
ting; the second sphere in the series also rotates uniformly about its axis 
(tilted in relation to the axis of the outermost sphere), but in the opposite 
direction, once in 687 days, thus accounting for Mars’ slow west-to-east 
motion around the ecliptic; and the two inner spheres account for changes 
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in speed and latitude and for retrograde motion. Mars, then, is Situated or 
the equator of the innermost sphere, participating not only in the motion 
proper to that sphere, but also in the motions transmitted downward from 
the three spheres above it. A similar system works for Mercury, Venus 
Jupiter, and Saturn. The sun and moon, which do not unde: k 
motion, require only three spheres apiece.” 


TBO retrograde 


The Inner Eudoxan Spheres and Retrograde Motion 


If, for the sake of simplicity, we treat the interaction of spheres C 
and D (fig. 5.5) in isolation from the rest of the system, we find 
that assigning them equal and opposite rotations around axes 
tilted with respect to each other determines that the planet (on 
the equator of D) will move along a path resembling a hippo- 
pede (horse-fetter) or figure eight. We can thus visualize the 
motion that results from the four Eudoxan spheres by replac- 
ing C and D with a hippopede affixed to the equator of sphere 
B (fig, 5.6). Sphere A completes a uniform rotation once a day, 
carrying with it the axis of B; meanwhile, B rotates uniformly 
around this axis in the sidereal period of the given planet (the 
time required for that planet to make one complete circuit of 
the celestial sphere), carrying the hippopede around the eclip- 
tic; and all the while the planet is moving around the hippo- 
pede in the direction indicated by the arrows.” 


Eudoxus thus created the first serious geometrical model of planetary 
motion. Two questions naturally present themselves. First, did Eudoxus at- 
tach physical reality to the model? That is, did he conceive the spheres as 
physical objects? The answer seems unambiguously in the negative. There 
is every reason to believe that the concentric spheres of Eudoxus were in- 
tended as a purely mathematical model, with no claim to represent physi- 
cal reality. Eudoxus, as far as we can tell, did not imagine that the cosmos 
consists of physically distinct spheres, mechanically linked to one another; 
rather, he was endeavoring, by means of a geometrical model, to identify 
the separate components of uniform motion that underlie and make sensé 
of the complicated motions of the planets. He was searching not for physi- 
cal structure, but for mathematical order, 

Second, did the model work? Because no treatise by Eudoxus has sur- 
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yived, we have no knowledge of the geometrical details of his system. Sev- 
eral things can be said, however. Although Eudoxus'’s model is clearly 
matical, it is improbable that it was designed to yield quantitative 
redictions. Indeed, it is very unlikely that the notion of exact, quantitative 
sreciction had yet entered Greek astronomy or any other Greek scientific 
subject; nobody aspired to more than rough qualitative agreement be- 
qween theory and observations. We can, if we wish, speak of the potential 
of the Eudoxan model, under the assumption that the best values were 
chosen in every case, Under those circumstances, the system would (with 
one or two exceptions) have given results that correspond in a rough qual- 
{ative way, but without quantitative precision, to the astronomical observa- 
tions as we know them today. Given the more limited state of astronomical 
knowledge and the modest aims of astronomical theory in the fourth cen- 
tury, this was a considerable achievement. 

A generation after Eudoxus, his system was improved by Callippus of 
Gyzicus (b. ca. 370), who added a fourth sphere for the sun and the moon 
and a fifth sphere each for Mercury, Vènus, and Mars. The function of the 
additional spheres for the sun and moon was to take into account the varia- 
tians in speed of those two planetary bodies as they circle the ecliptic— 
the fact, for example, that the times required for the sun to pass from the 
summer solstice to the fall equinox and from the fall equinox to the winter 
solstice (see fig. 5.3, above) may differ by several days.” 

Further development of the system of concentric spheres occurred at 
the hands of Aristotle (384—322). Aristotle took the Eudoxan model as 
modified by Callippus, but with an important difference: whereas Eudoxus 
appears to have considered his concentric spheres to be merely geo- 
metrical constructions, Aristotle seems to have conceived the system to be 
physically real and was therefore induced to think seriously about the 
transmission of motion from one sphere to the next. That compelled him 
to think about the interconnections between spheres and to realize that if 
all seven planets, each with its set of spheres, were nested in concentric 
fashion, the innermost sphere of one planet (say Saturn) would inevitably 
transmit its intricate motion to the outermost sphere of the planet just 

below it in the series (Jupiter). When the additional effect of Jupiter's 
Own spheres was figured in, the complexity would become intolerable— 
and, moreover, would be at odds with the observational data. Aristotle 
responded to this problem by inserting a set of counteracting spheres be- 
tween the innermost sphere of Saturn and the outermost sphere of Jupiter, 
and a similar set of counteracting spheres between the primary spheres 
belonging to every other pair of adjacent planets. These counteracting 


Fig. 5.7. Aristotelian nested spheres, The primary spheres for Saturn and Jupiter (four spheres 
apiece) are represented by solid lines, Between these two sets are three counteracting 
spheres (dotted lines), which counteract or “unroll the motion of Saturn's four spheres, 
ue in order to transmit a simple diurnal motion to the outermost sphere for lupiter, 

low. 


spheres, one fewer in number than the primary planetary spheres just 
above them, were intended to “unroll” the system, as Aristotle put it, and 
restore simple diurnal motion to the outermost sphere of the next planet 
in the series (fig. 5.7). Aristotle left many questions of detail unanswered; 
his discussion of the Eudoxan system and its modifications occupies only a 
page or two in his work and ends with an admission of uncertainty. What is 
important is that Aristotle bequeathed to his successors an enormously 
complicated piece of celestial machinery, consisting of fifty-five planetary 
spheres, plus the sphere of the fixed stars. 

He also bequeathed to them an important question: In astronomy, 
where does the balance lie between the mathematical and the physical? Is 
astronomy primarily a mathematical art, as Eudoxus seems to have con- 
ceived it? Or must the astronomer also concern himself with the real struc 
ture of things, as Aristotle’s astronomical scheme Suggests? Astronomers 
would ponder this question for the next two thousand years.” 
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COSMOLOGICAL DEVELOPMENTS 


temporary with Aristotle and in the century thereafter, there were sev- 
eral cosmological developments of interest to astronomers. One was the 
sal by Heraclides of Pontus (ca. 390-after 339), a member of Plato’s 
Academy under Plato and Plato’s successor, that the earth rotates on its axis 
once in twenty-four hours. This idea, which came to be fairly widely 
known (though it was rarely accepted as true), explains the daily rising and 
setting of all of the celestial bodies. Heraclides has often been credited 
also with the claim that the motions of Mercury and Venus are centered on 
the sun, but modern scholarship has revealed this interpretation to be 
groundless. 

Ageneration or two after Heraclides, Aristarchus of Samos (ca. 310-230 
uc.) proposed a heliocentric system, in which the sun is fixed in the center 
of the cosmos, while the earth circles the sun as a planet; it is usually 
assumed that Aristarchus also gave the other planets sun-centered orbits, 
although the historical evidence does not address this point. In all likeli- 
hood, Aristarchus's idea was a development of Pythagorean cosmology, 
which had already removed the earth from the center of the universe and 
put it in motion around the “central fire.” Aristarchus has been cele- 
brated for his anticipation of Copernicus, and his successors have been vil- 
ified for their failure to adopt his proposal. It takes only a moment's 
reflection, however, to realize that we do no justice to the situation in the 
third century s.c. if we judge Aristarchus’s hypothesis by twentieth-century 
evidence. The question is not whether we have persuasive reasons for 
being heliocentrists, but whether they had any such reasons; and the an- 
swer, of course, is that they did not. Putting the earth in motion and giving 
it planetary status violated ancient authority, common sense, religious be- 
lief, and Aristotelian physics; it also predicted stellar parallax (variations in 
the geometrical relationship between pairs of stars as the observer ap- 
proaches, recedes, or otherwise changes position), which could not be 
observed, Meanwhile, whatever observational advantages it might have 
(for example, its ability to explain variations in the brightness of the plan- 

ets) were available in other systems that did no violence to traditional 
cosmology. 

There were attempts, early in the Hellenistic period, to calculate various 
cosmological constants. Aristarchus himself compared the earth-to-sun dis- 
tance with the earth-to-moon distance, figuring the former to be about 
twenty times the latter (the correct ratio is about 400:1). Aristarchus’s 
method is revealed in figure 5.8. Hipparchus (d. after 127 B.c.) calculated 
absolute values for the solar and lunar distances from the absence of solar 


earth 


Fig, 5.8, Aristarchus’s method for determining the ratio between the solar and lunar distänies 
from the earth. The angle « separating the two lines of sight is measured when the moon is a 
quarter-phase {A and C are then known to intersect at right angles). From this the ratio of. Bto 
C can be calculated, But the method has several drawbacks. In the first place, the exact mo. 
ment when the moon’s disk is half illuminated cannot be accurately determined, In the wee. 
ond place, a small error in the measurement of the angle = (Aristarchus put it at 87°, Whereas 
the true value is 89° 52’) leads to a very large error in the ratio of B to C. 


parallax“ and from data on solar eclipses. The assumption that solar paral- 
lax is just below the threshold of visibility gave him a value for the solar 
distance of 490 earth radii. From eclipse data he then obtained a value of 
between 59 and 67 earth radii for the lunar distance. As for the size of the 
earth, Eratosthenes (fl. 235 p.c.), a geographer and mathematician who 
headed the library in Alexandria, had calculated the earth’s circumference 
a century earlier; his value of 252,000 stades (within 20 percent of the 
modern figure) became widely known and was never lost.” 


HELLENISTIC PLANETARY ASTRONOMY 


Planetary astronomy seems to have been vigorously pursued in the 
Hellenistic period, but we know few details because Claudius Ptolemy (at 
the end of the Hellenistic period) was so successful in summing up the 
achievements of his predecessors that their works dropped out of circula- 
tion and disappeared. We do know, because Piolemy tells us, that Ap- 
ollonius of Perga developed a new mathematical model for planetary 
motion in the third century s.c. And it is clear, again from comments by 
Ptolemy and other fragmentary remains, that Hipparchus was one of the 
greatest astronomers of antiquity, Hipparchus made his mark primarily in 
observational astronomy, producing a new and superior star map, dis- 
covering the precession of the equinoxes, developing a new astronomical! 
sighting instrument (the diopter), and criticizing existing planetary theory. 
We also know that Hipparchus had access to Babylonian astronomical data, 
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including data on planetary motions and lunar eclipses. And, what is most 
important, through his contact with Babylonian astronomy Hipparchus 
ame to appreciate the goal of exact, quantitative prediction. He was the 
first to develop methods for assigning numerical values to geometrical 
models; and through his influence the demand for a quantitative match 
beween theory and observation entered and radically transformed Greek 
agronomy.” To see the result of this transformation, we must turn to the 
work of Prolemy. 

Claudius Ptolemy (fl. 150 a.p.) was affiliated with the Museum in Alex- 
andria, and its associated library. (The name “Ptolemy” offers room for 
confusion. It does not signify descent from the old ruling Ptolemaic dy- 
nasty, but probably represents a certain geographical sector of the city of 
Alexandria, used by citizens as a “tribal” name. Its importance for us is that 
ir signifies that Claudius Ptolemy was not a recent immigrant, as many of 
the eatly Alexandrian intellectuals were, but was descended from a line of 

Alexandrian citizens.) It may help to guard against the foreshortening 
of time, seen from a distance, if we remind ourselves that Ptolemy lived 
some three hundred years after Hipparchus and five hundred years after 
Eudoxus, This means not only that he was the beneficiary of the theoretical 
advances made during those intervening centuries, but also that he had 
access to centuries of astronomical observation, both Greek and Babylo- 
njian; and even relatively crude observational data, spread over a suffi- 
ciently long span of time, are capable of yielding remarkably precise 
theoretical conclusions. For example, using data available in the second 
century 8.c., Hipparchus was able to calculate the average length of the 
lunar month to within one second of the modern value.” 

It would be surprising if the mathematical sophistication of Hellenistic 
mathematics were not reflected in Hellenistic mathematical astronomy. 
Ptolemy, coming near the end of that Hellenistic world, brought to plane- 
tary astronomy a level of mathematical power that Eudoxus, five hundred 
years earlier, could not have imagined. Ptolemy's models had the same aim 
as those of Eudoxus—to discover some combination of uniform circular 
motions that would account for the observed Positions (that is, the appar- 
€nt variations in speed and direction) of the planets. In addition, Ptolemy's 
models were capable of making accurate quantitative forecasts of future 
planetary positions. However, the mathematical techniques he employed 
were vastly different. 

In the first place, instead of using spheres, he used circles, Let us see 
how uniform motion in a circle can be employed to give the appearance of 
nonuniformity. Let circle ABD (fig. 5.9) be the orbit of the planet, and allow 


Fig. 5.9. Ptolemy's eccentric model, 


the planet, P, to move uniformly around it. If the motion of P is uniform, 
then the planet will sweep out equal angles about the center, C, in equal 
times. Now if the center of uniform rotation, C, corresponds with the point 
of view—that is, if the earth is located at C—then the motion of P will not 
only be uniform, but also appear uniform. However, if the center of uni- 
form rotation and the point of view do not coincide—if the earth, for 
example, is located at E—then the motion of the planet will appear non- 
uniform, seeming to slow as it approaches A and seeming to speed up as it 
approaches D. This is the eccentric model. 

The eccentric model is sufficient for dealing with simple cases of non- 
uniform motion, such as that of the sun around the ecliptic and the result- 
ing inequality of the seasons. For more complicated cases, Ptolemy found 
it necessary to introduce the epicycle-on-deferent model (fig. 5.10). Let 
ABD be a deferent (or carrying) circle, and draw a small circle (an epicy- 
cle) with its center on the deferent. The planet P moves uniformly around 
the epicycle; meanwhile the center of the epicycle moves uniformly 
around the deferent circle. The observer at E sees the composite of two 
uniformly circular motions. The exact characteristics of this composite mo- 
tion will depend on the particular values chosen—the relative sizes of the 
two circles and the speeds and directions of motion—but it is clear that 
the model has considerable potential. When P is on the outside of the epi- 
cycle, as in figure 5.10, the apparent motion of the planet (as viewed from 
the earth) will be the sum of its motion around the epicycle and the mo- 
tion of the epicycle around the deferent, and the planet will at this point 
have its maximum apparent speed. When P is on the inside of the epicycle, 
as in figure 5.11, its motion on the epicycle and the motion of the epicycle 
on the deferent are opposed (as viewed from the earth), and the apparent 
motion of the planet is determined by their difference; if the motion of P 
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Fig, 5.12, Retrograde motion of a 
planet explained on the epicycle 
and deferent model. As the epicycle 
moves counterclockwise on the 
deferent, the planet moves counter- 
clockwise on the epicycle. The ac- 
tual path of the planet is represented 
by the heavy line. 


should be the greater of the two, the planet will appear to reverse itself 
and undergo a period of retrograde motion. This retrograde motion is il- 
lustrated in figure 5.12. 

Both of these models are based firmly on the requirement that the real 
planetary motions—that is, the component motions—be uniform and cir- 
cular. Greek astronomers have often been criticized for their “dogma- 
tic” commitment to uniform circular motion, on the grounds that a priori 
assumptions (of this or any other sort) are unjustified, or at least unbecom- 
ing, in a scientist. Is such criticism justified? The truth is that the scientist, 
ancient or modern, begins every investigation with strong commitments 
Tegarding the nature of the universe and very clear ideas about which 
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models may legitimately be employed to represent it. In Ptolemy's case 
the requirement of uniform circular motion was justified above all by the 
nature of the inquiry; his goal was not simply to set forth the relevant ob. 
servational data, in order to describe the planetary motions in all of their 
complexity, but to reduce the complex planetary motions to their simplest 
components—to discover the real order underlying apparent disòrtler. 
And the simplest motion, representing the ultimate order, is, of course, 
uniform circular motion. 

But there were many other considerations that would have reinforced 
the restriction to models based on uniform motion in a circle. There was 
the force of common sense and the sanction of tradition, for the cyclic, 
repetitive nature of celestial phenomena had always suggested that celes 
tial motion must be fundamentally uniform and circular. Furthermore, 
without uniform circular motion quantitative prediction would have been 
impossible, for the “trigonometric” methods available to Ptolemy were nog 
readily applicable to any other kind of motion. In addition, there were aes. 
thetic, philosophical, and religious considerations: the special character of 
the heavens demanded the most perfect of shapes and motions for heav- 
enly bodies. Finally, it is instructive to note that when Copernicus broke 
with Ptolemy 1,400 years later, it was not because he resented the commit- 
ment to uniform circularity, but (in part) because he felt that Ptolemy had 
not lived up to this commitment. 

In any case, the eccentric and epicycle-on-deferent models, based on 
uniform circular motion, were extremely powerful. But they had their lim- 
its, and their inability to account for certain planetary motions demanded 
the creation of yet another model, which came to be known as the equant 
model. Let AFB (fig. 5.13) be an eccentric circle, with center at C; and let 
the earth be located at E. Now, as the planet moves around the circle, in- 


meee 5.13. Ptolemy's equant model. 
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j of insisting that in equal times it sweep out equal angles as measured 
f athe center (the usual definition of uniform motion), Ptolemy allowed it 
ra movein such a way as to sweep out equal angles in equal times as mea- 
atthe equant point—a noncentral point located at Q (so chosen that 
, equals CE). As the planet moves through arc AF, it sweeps out the right 
angle AQE. Suppose, for instance, that the planet covers this angle and arc 
jn three years; then in the next three years, the planet must sweep out an- 
other tight angle, FQB, and must therefore move through its correspond- 
ing arc, FB. In three more years, the planet moves from B to G, through 
right angle BQG, and so forth. If we compare the arcs traversed, it is clear 
that the planet has greater linear speed over FB than over AF; the planet 
gridually speeds up as it moves from A to B, then slows down as it moves 
from B to A. Viewing this variable motion from E, on the other side of the 
center from the equant point, will only exaggerate the apparent variability. 
Note, then, that in the equant model Ptolemy retained uniformity of an- 
gular motion—though not about the center—while he very definitely 
gave up uniformity of linear motion about the circumference. Whether this 
diluted version of uniformity was sufficient is a question that Copernicus 
taised in the sixteenth century; in the meantime, it enabled Ptolemy to 
complete the development of successful planetary models, Predictive suc- 
cess outweighed any considerations that might have dictated the stronger 
version of uniformity. 

The three models—eccentric circle, epicycle-on-deferent, and equant— 
were all effective ways of employing uniform circular motion (whether 
that uniformity was strict or not so strict) to account for apparent irregu- 
larity in the heavens. But the models achieved their full power through 
combination. The eccentric circle and epicycle-on-deferent models could 
be easily combined by defining a deferent that was eccentric to the earth. 
An equant could be added, so that the center of the epicycle sweeps out 
equal angles in equal times as measured at a noncentral point. It was even 
possible to take the center of the eccentric circle and move it in a small 
circle around the earth—something Ptolemy had to do to make his lunar 
model work.” The most typical model for a planet (applicable to Venus, 
Mars, Jupiter, and Saturn) is that illustrated in figure 5.14, where ABD is an 
eccentric deferent, with center at C; the earth is at E and the equant point at 
Q. The planet moves uniformly around the epicycle; the center of the epi- 
cycle moves uniformly (as measured by the angle swept out) about the 
€quant point, Q; and the resulting motion is viewed from the earth, E. 
Models such as this, developed with appropriate variations for all of the 
remaining planets, proved extraordinarily successful in predicting ob- 


Fig. 5.14. Ptolemy's model for the 
superior planets, Line QF sweeps 
cout equal angles in equal times 
about equant point Q. 


served planetary positions. Indeed, it was precisely their degree of success 
that gave them such longevity and made them so difficult to displace. 

It may appear that Ptolemy was engaged in a purely mathematical exer. 
cise. He entitled the treatise in which these mathematical models were 
presented Mathematical Syntaxis (or Mathematical System). Moreover, in 
the preface to this treatise he announced that speculation about diving 
causation of celestial motion or about the material nature of things leads 
only to “guesswork” and that, if the goal is to achieve certainty, the mathe- 
matical way is the only way. And at several points in the work he argued 
that astronomical models should be chosen on the basis of mathematical 
simplicity—apparently without concern for physical plausibility. 

Nonetheless, if we look closely we see that nonmathematical considera. 
tions did, in fact, enter into the analysis. Ptolemy presented physical argu: 
ments for the centrality and fixity of the earth—which for him was not 
merely a mathematical hypothesis, but an important physical belief. He 
made claims about the nature of the heavens—arguing that, unlike ter- 
restrial substance, they offer no hindrance to motion. And in another 
treatise, the Planetary Hypotheses, he tried to work out a materialized ver- 
sion of his mathematical models.” Thus, although Ptolemy was commited 
to a mathematical approach, his mathematical analysis did not exclude 
physical concerns, but functioned within the framework of a traditional 
natural philosophy. 

For all of this interest in the physics of the cosmos, the balance of 
Ptolemy's astronomical work was weighted toward mathematical analysis. 
And it was as a mathematician of the heavens, committed to “saving the 
phenomena” by mathematical means, that he influenced the Middle Ages 
and the Renaissance. Indeed, Aristotle and he came to symbolize the two 
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motes ot the astronomical enterprise—the former occupied especially 
F; p questions of physical structure, the latter an accomplished builder of 
mathematical models. 


THE SCIENCE OF OPTICS 


A second subject to which mathematics was successfully applied in antiq- 
uiy was the science of optics. Optics includes the study of light and vision, 
hich have been objects of investigation and speculation since earliest 
times. Vision has been almost universally regarded as the sense through 
which we learn the most about the world in which we live; and one of the 
most important and pleasing entities in that world proves to be light, 
which is not only the instrument of vision but is also connected, in the 
form of sunlight, with heat and life. 

Any well-developed philosophy of nature must deal with vision. The 
-gromists attributed sight to the reception in the eye of a thin film of atoms 
{a simulacrum ) issuing from the surface of visible objects. According to 
Plato (in the Timaeus), fire issues from the observer's eye and coalesces 
with sunlight to form a medium, stretching from the visible object to the 
eye, through which “motions” originating in the visible object are passed 
to the eye and ultimately to the soul. And Aristotle argued that a potentially 
ftansparent medium is brought to a state of actual transparency when il- 
fuminated by a luminous body, such as the sun; light is simply this state of 
the medium. Thereafter, colored bodies in contact with this actually trans- 
parent medium produce further changes in the medium—changes that 
are transmitted to the observer's eye and result in visual perception of 
those bodies.” 

We first see an attempt at a mathematical theory of vision in the genera- 
ton after Aristotle, Euclid (fl. 300) wrote a book entitled Optics, in which 
he defined the act of vision and developed a theory of visual perspective. 
He argued that rectilinear rays emerge from the observer's eye in the form 
ofa cone, with its vertex in the eye and its base on the visible object. Those 
things are seen on which rays fall. Having defined the visual cone, Euclid 
employed this geometrical entity to develop a geometrical theory of per- 
spective. One of the postulates of the Opfics asserts that the apparent size 
ofan observed object is a function of the angle under which it is perceived; 
another maintains that the location of an observed object depends on the 
location within the visual cone of the ray by which it is observed (things 
Observed by rays higher within the cone appear higher to the observer). 
The propositions of the book go on to analyze the appearance of an object 
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Fig. 5.15. The geometry of sie, 
according to Euclid. A is the ob 
server's eye, and AEC the visual 
cone emanating from the eye, C. he 
most distant of the observed Piling, 
is viewed by ray AC, which OCCUpies 
a higher position within the visyaj 
cone (note where it passes thron 

intersecting plane FI) than woes pay 
B 1 E D € AD, by which point D is obsereq 


as a function of its spatial relationship to the observer. For example, figure 
5.15, shows how a more distant object intercepts a higher ray in the visual 
cone and thus appears higher. This is a very interesting and impressive 
piece of mathematical analysis, and it would prove very influential. But we 
should not merely be impressed by the mathematics; we should also note 
that the theory skips over many aspects of the process of seeing that 
people like Aristotle considered of fundamental importance—namely, the 
medium, the physical connection between the object and the eye, and the 
act of perception. In short, if you were willing to confine yourself to that 
which could be addressed geometrically, Euclic’s theory was a brilliant 
achievement; if you were interested in any of the nongeometrical features 
of vision, Euclid’s theory was next to useless. 

The greatest Hellenistic text on geometrical optics was produced 450 
years after Euclid, by Ptolemy—bes: known as an astronomer, of course, 
but also author of one of the most important works on optics written be 
fore Newton. Ptolemy's Optics survives only in an incomplete version, but 
this version is sufficient to reveal the nature of Ptolemy's achievement,” 

Ptolemy did not follow Euclid’s narrow, geometrical approach to optics, 
Rather, he attempted to create a comprehensive theory that combined 
Euclid’s geometrical theory of vision with a thorough analysis of the phys 
ical and psychological aspects of the visual process. Ptolemy thus pre- 
sented the theory of the visual cone (applied to binocular, as well as to 
monocular, vision), but fleshed it out with an analysis of the radiation 
emanating from the eye and its interaction with visible objects. Neverthe- 
less,the physical aspects of Ptolemy's theory did not detract from his geo- 
metrical achievement; and the geometrical portions of his text proved of 
major importance in teaching people how to think about vision and light 
geometrically. 

Perhaps the most impressive aspects of Ptolemy's Optics from a gëo- 
metrical standpoint were its theories of reflection and refraction. Oth- 
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Fig. 5.16. Vision by reflected rays ac- 
1 cording to Prolemy. 


ers, including Euclid and Hero, had already written about mirrors; and 
Ptolemy built on their achievement. He presented a comprehensive ac- 
count of reflection, which we can best explain by reference to figure 5.16. 
tet ABC be a plane reflecting surface, O an observed point, and E the eye. 
Ptolemy argued, first, that incident ray EB (remember that rays travel from 
the observer's eye zo the observed point) and reflected ray BO define a 
plane that is perpendicular to the plane of the mirror; second, that the 
angle of incidence, i, is equal to the angle of reflection, r; and, third, that 
the image of O is located at J, where the extension of the ray emanating 
from the eye intersects the perpendicular dropped from the observed 
point to the reflecting surface. (In effect, the observer does not “know" 
that his or her visual ray has been bent by reflection at the mirror and 
therefore judges the object to be on the rectilinear extension of that ray.) 
Ptolemy applied similar cules to reflection from spherical and cylindrical 
Mirrors, both concave and convex. He developed an impressive set of the- 
orems dealing with the location, size, and form of images produced by re- 
flection. It is interesting and important that he devised experiments by 
Which to test his theory. 

If Ptolemy's theory of reflection was based on the work of Euclid and 
Hero, his theory of refraction broke fresh ground. The basic phenomena 
of refraction—the illusion of the “bent” stick, half submerged in water, for 
€xample—had long been known. But Ptolemy gave refraction a thorough 
mathematical analysis, coupled with experimental investigation. If a ray 
passes obliquely from one transparent medium to another—the two me- 
dia being of different optical densities—it is bent at the interface in such a 
Way as to lie closer to the perpendicular in the denser medium. Thus, in 
figure 5.17, if ABC is a plane interface between air above and water below, 
DBF a perpendicular to that interface, E the observer's eye, and O the ob- 
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Fig. 5.18. Ptolemy's uppararus fo 
Fig. 5.17. Ptolemy's theory of re- measuring angles of incidence ang 
fraction. refraction. 


served point, the angle of incidence, EBD, is always greater than the angle 
of refraction, OBF. And the image of O will be located at I, where the rec 
tilinear extension of incident ray EB intersects perpendicular OG, drawn 
| from the observed point to the refracting surface. 
Is there some fixed mathematical ratio between the angles of incidence 
| and refraction? Ptolemy thought there must be and undertook an inge- 
nious experimental investigation to find it. He used a bronze disk, with its 
circumference marked off in degrees, to measure angles of incidence and 
the corresponding angles of refraction in three different pairs of medi 
(air and water, air and glass, water and glass). (See fig. 5.18.) He did not 
discover the desired ratio, and certainly did not discover the modern sine. 
law, but he did find a mathematical pattern in the data—or perhaps chose 
or adjusted the data to make them conform to a reasonable mathematical 
pattern.” He also passed on to future generations a thorough understand- 
ing of the basic principles of refraction, a clear and persuasive example of 
experimental investigation, and an important body of quantitative data, 


THE SCIENCE OF WEIGHTS 


The science of weights, or of the balance, was a third subject that yielded to 
mathematical analysis during the Hellenistic period. Indeed, it yielded 
more completely than the other two. In both astronomy and optics, the 
level of mathematization was impressive; but in both subjects there re- 
mained important physical questions for which no mathematical answer 


The Mathematical Sciences in Antiquity 109 


be found. In the science of the balance beam, by contrast, the physi- 
ed almost completely reducible to the mathematical. 

ye central problem was to explain the behavior of the balance beam, 
J wer—the fact that the beam is in balance when the weights suspended 
Be ends are inversely proportional to their distances (only horizontal 


pe counts) from the point of support or rotation. Thus a weight of 10 


519) on one end of a beam will balance a weight of 20 on the other 
nd if the former is twice as far as the latter from the fulcrum. One of the 
E est surviving explanations is found in a book of Mechanical Problems, 
gaributed to Aristotle but actually a later product of the peripatetic school. 
There we find a “dynamic” account of this static phenomenon: the author 
esplains that ifa balanced beam should be set in motion, the velocities of 
‘the moving weights would be inversely proportional to the magnitude of 
thasë weights. In figure 5.20, in the time required for a weight of 20 to 
move distance b, the weight of 10 will move a distance of 2b. The explana- 
rory notion operating here is that the greater velocity of the one moving 
body exactly compensates for the greater weight of the other. 

A “static” proof of the law of the lever was produced in a teatise at- 
tributed to Euclid, and far more elegantly by Archimedes in his On the 
Equilibrium of Planes, Archimedes successfully reduced the problem to 
onë of geometry. Except for the claim that the weights do have weight, 
physical considerations make no appearance. The balance beam becomes 
a weightless line; friction is ignored; the weights are applied to a single 
point of the beam and act in a direction perpendicular to it. Moreover, the 
demonstration based on these assumptions is Euclidean in form. Two 
premises provide the basis for the proof: that equal weights at equal dis- 
tances from the fulcrum (and on opposite sides of it) are in equilibrium; 
and that equal weights situated anywhere on a lever arm may be replaced 
by a double weight at a point midway between them (that is, at their center 


Fig, 5.19. The balance beam in a 
State of balance. 


Fig, 5.20. The dynamic explanation 
of the balance beam, 


Fig. 5.21. Archimedes’ static proof of a [x] 
the law of the lever. A e 


of gravity). Both premises are established by appeal to Reometr cal 
metry and intuition. In its simplest form, the proof asserts that the E in 
figure 5.21a, supporting three identical weights of magnitude 10, isi heal 
librium by the principle of symmetry. However, we have égroed dust ne 
the weights can be replaced by a weight of 20 located midway bs 
them, as in figure 5.21b. It follows that a weight of 20 is in equilibriu 
a weight of 10 when the former is half as far as the latter from the fale i: 
this result can be easily generalized to yield the law of the lever, T 
There is much more than this to Archimedes’ On the Bquilibru 
Planes; and there are other works of his, such as On Floating Bodia 
devoted to the solution of mechanical problems, But this examination A 
his proof of the law of the lever reveals the thoroughness and the en 
dinary skill with which he geometrized nature. Many scientific proble: $ 
continued to resist solution by mathematical methods, but Archimedes a 
mained as a symbol of the power of mathematical analysis and a source of 
inspiration for those who believed that mathematics was capable Of ever 
greater triumphs. His works had limited influence during the Middle Ages, 


but in the Renaissance they became the basis 
of i 
mathematical science.” P poweria ae 


SIX 
Greek and Roman Medicine 


EARLY GREEK MEDICINE 


‘he evidence for Greek medicine is spotty, and uncertainty will always re- 
main regarding many of the particulars of Greek healing practices. We 
have only literary sources for the period prior to the fifth century. Then we 
have several bodies of writings that are explicitly medical, but with severe 
temporal restrictions, that inform us about medical theory and practice in 
the classical and Hellenistic periods. Obviously these medical treatises 
convey the views and opinions of learned physicians, many of whom were 
interested in theoretical issues, such as the connection between medicine 
and philosophy; but at various points they also offer revealing glimpses of 
the vast substratum of popular medical belief and practice that must have 
served the majority of the population. In the account that follows, we will 
attempt to keep both ends of the healing spectrum in focus. 
itis safe to assume that healing traditions substantially like the ones we 
have seen in Egypt and Mesopotamia (chap. 1) were to be found in con- 
temporary Greek civilization—that is, in the Bronze Age culture of the pe- 
riod 3000-1000 s.c. There is no question that these earliest Greeks had 
contact with their Near Eastern neighbors, and we have concrete evidence 
Of the influence of Egyptian medical belief and practice. Thus there must 
have been a wide variety of healing practices, ranging from basic surgery 
and the use of internal medicines to religious incantations and dream heal- 
ing. And healing practitioners of varied qualifications must have worked at 
many levels, for diverse clienteles, utilizing the full range of available 
medical remedies and techniques.’ 

From the ancient Greek poets Homer and Hesiod, we can glean inciden- 
tal information about the nature of medical practice toward the end of this 
period, In Homer's iliad and Odyssey, the gods are implicated as causes of 
plague, and they may be prayed to for healing; Hesiod, too, considers dis- 
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be of divine origin? Homer mentions healing incantations and 
ical remedies— including some of explicit Egyptian origin. He 
avariety of wounds and, in some cases, their treatment. And he 
clear that healers were regarded as members of a distinct craft or 
on-—professionals in the sense that they had special skills, the ex- 
of which was a full-time occupation. 

e religious side of healing is most clearly manifest in the cult of As- 
, the god of healing. Asclepius, already referred to by Homer as a 
physician, was subsequently deified and in the fourth and third cen- 
became the focus of a popular healing cult. Temples to Asclepius 
re built in many places—hundreds have been identified—and to these 
-sick would flock for cures. Central to the therapeutic process was the 
yision or dream, which was supposed to occur as the supplicant 
ina special dormitory. Healing could occur during the dream, or ad- 
received in the dream might lead to subsequent healing. In addition, 
yisitor to a temple of Asclepius could expect to bathe, to offer prayers 
d sacrifices, and to be the recipient of purgatives, dietary restrictions, 
‘cise, and entertainment. And, of course, it was necessary to thank the 
ds with a suitable offering. A number of tablets have been found at Epi- 
. the center of the cult, attesting to cures alleged to have occurred 
there According to one of them, a certain Anticrates of Cnidos, who had 
heen blinded by a spear, came to Epidaurus seeking a cure. “While sleep- 
ing he saw a vision. It seemed to him that the god pulled out the missile 
_and then fitted into his eyelids again the so-called pupils. When day came 
“he walked out sound.”? Religious practices such as these remained a very 
significant part of ancient medicine right through the Roman period. 


HIPPOCRATIC MEDICINE 


: In the fifth and fourth centuries, a new, more secular, and more learned 
ee medical tradition grew up alongside traditional healing practices—a medi- 
‘Caltcadition influenced by contemporary developments in philosophy and 
associated with the name of Hippocrates of Cos (ca. 460—ca. 370 B.c.). It is 
‘uncertain whether any of the writings (numbering between sixty and sev- 
ety) now called “Hippocratic writings” or the "Hippocratic corpus” were, 
in fact, written by Hippocrates. We can only affirm that they are a loosely 
affiliated body of medical writings, composed for the most part between 
about 430 and 330 s.c., later collected and attributed to Hippocrates be- 
cause they shared what seemed to be “Hippocratic” traits. What were some 
Of these traits?“ 


ee ae 


Fig. 6.1. Relief of Asclepius, the god of healing, National Archeological Museum, Athens. 
Alinari/Art Resource N.Y. 
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prominently, the Hippocratic writings represented learned medi- 
very fact that they were “writings” alceady makes this point; the 
were literate. Their works were the end products of a quest for 
ding Many of the Hippocratic authors defended points of view 
: » parure of medicine as an art or science, on the nature and causes of 
on the relationship of the human frame to the universe more gen- 
iy, and on the principles of treaanent and cure. They were engaged in 
we must broadly define as natural philosophy—either as original 
vers, philosophers applying themselves to fundamental causal ques- 
s about health and disease, or as practicing physicians borrowing from 
ilgsophical tradition. They stood at the intersection of the healing 
and the enterprise of philosophy. Hippocratic physicians may not 
t achieved unanimity on any of these fundamental questions, but they 
the determination to proceed in a learned manner. Even those Hip- 
ic authors who expressed resentment over the intrusion of philoso- 
into medicine did not escape its influence.* 
What view of the medical profession do the Hippocratic writings 
y ? We need to remember that medical practice was completely unre- 
_gulaed in antiquity: many kinds of healers competed for acceptance and 
j ige—and, of course, for business. Medicine was not studied in formal 
‘medical schools but generally learned through apprenticeship to a practic- 
ing physician: One of the concerns of the Hippocratic writings was to €s- 
tablish standards, drive out charlatans, and create a climate of opinion 
favorable to learned medicine. The stress on successful prognosis in the 
‘Hippocratic writings was designed not merely to enhance the physician's 
success as a healer, but also to improve his image, and thus to advance his 
career, Finally, the Hippocratic Oath was an attempt at self-regulation 
among medical practitioners. 

Prominent in a number of the Hippocratic writings are theories of 
health and disease. What is most striking, at a general level, is the sharply 
reduced presence (but not total disappearance, as has sometimes been 
claimed) of theoretical elements of a magical and supernatural sort. The 
gods exist, of course, and nature itself may be regarded as divine, but inter- 
vention by the gods is ruled out as a direct cause of disease or health. We 
See this in various Hippocratic works, including the treatise On the Sacred 
Disease (which does not correspond exactly to any modern ailment, but 
includes the symptoms of epilepsy and perhaps stroke and cerebral palsy), 
where the author expresses the opinion 


Fig. 6.2, The theater at Epidaurus 
(áth century B.c.), center of the 
healing cuit of Asclepius. The the- 
ater Seats about 14,000 people. Foto 
Marburg/Art Resource N.Y. 


Fig. 6.3. Hippocrates (Roman copy 
of a Greek original), Museo di Ostia 
| Antica. 


that those who first called this disease “sacred” were the sort 
of people we now call witch-doctors, faith-healers, quacks and 
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Pie tia oe Be people who pretend to be «fal artention to seasonal and climatic factors, and to the natural dis- 
element they were able to uae By invoking a divine gion of the patient, was also part of successful therapy. And through it 
Siebie Ceea adi coronene eir own failure tO give iji he physician was to keep in mind that nature has its own healing 
ceal their ignorance of its nature isa sacred” malady to con, “erand that the physician’s most basic task is to assist the natural heal- 
; jag process: A considerable part of the physician’s responsibility was pre- 
The author proceeds to offer his own naturalistic gentive—the giving of advice on how to regulate diet, exercise, bathing, 
blockage of “veins” xual activity, and other factors that would contribute to the patient's 
ed to act u 7, Reith, 
are not capricious, but ee U y an the learned physician did not merely give advice. He also engaged 
The Hippocratic treatises often associate disease with jn what we might regard as the “clinical” side of medical practice. Vari- 
in the body or interference with its natural state. In Sere imbalance us Hippocratic treatises offer instruction on examination procedures, di- 
i sis, and prognosis (prediction of the probable future course of the 
(disease). We are told what symptoms to look for and how to interpret 
them; the physician is to examine the patient’s face, eyes, hands, posture, 
breathing, sleep, stool, urine, vomit, and sputum; he is to be alert to cough- 
ing, sneezing, hiccuping, flatulence, fever, convulsions, pustules, tumors, 
and lesions, Case histories, which reveal the typical course of a given 
educate contains blood, phlegm, yellow bile and disease, are supplied. Many of these are remarkable for their precision and 
« These are the things that make up its constitution clarity. Consider, for example, the following description of what must have 


oe ae its pains and health. Health is primarily that state in been an epidemic of mumps: 
Ch these constituent substan 
tion to each other, both in oan a Many people suffered from swellings near the ears, in some 


mixed. Pain oc quantity, and are well cases on one side only; in others both sides were involved. 
a occurs when one of the substances presents ei- Usually there was no toc and the patient was not confined 
arated in the body and to bed. In a few cases there was slight fever. In all cases the 
swellings subsided without harm, and none suppurated [ie., 
discharged pus], as do swellings caused by other disorders. 
The swellings were soft, large and spread widely; they were 
unaccompanied by inflammation or pain, and they disap- 
peared leaving no trace. Boys, young men and male adults in 
the prime of life were chiefly affected, and . . . those given to 
wrestling and gymnastics were specially liable.” 


humors—blood, phlegm, 
Stituents of the body and 
sible for disease: 


yellow bile, and black bile—are the basic con. 


that imbalances among these humors are respon. 


in the correct propor- 


ther a deficiency or an excess, or is sep: 
Not mixed with the others.” 


Seasonal factors are, of cours s ile i . On the basis of the symptoms observed, the physician rendered a diag- 
air, and exercise also c ontiBur nosis and a prognosis. And finally, if the case was treatable, he prescribed 

If disease is associated with treatment. Treatment, as we have noted, was often dietary or directed to- 
ward the regulation of exercise and sleep; it might also include bathing 
and massage. But there were many specific ailments thought to respond 
to certain internal or external medicines; hundreds of the latter, mostly 
herbal, are mentioned in the Hippocratic writings: laxatives, purges, emet- 
ics (to induce vomiting), narcotics, expectorants (to promote coughing), 
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salves, plasters, and powders. And finally, the treatment of wounds, frac 
tures, and dislocations is also covered in the Hippocratic writings—with 5 
level of skill that has elicited admiration from modern physicians. 

Finally, we must say a word about the principles of inquiry embodied in 
this medical literature. Once we get beyond the commitment to a crit 
approach to the healing enterprise and the resolve to employ Naturalistic 
principles of explanation and therapy, unanimity disappears, Some 

treatises display a strong inclination toward philosophical speculation, The 
author of The Nature of Man, for example, offers a speculative theory of 
human nature and of health and disease, and from this theory draws ou 
several therapeutic principles. However, other treatises within the Hippo- 
cratic corpus attack the speculative approach. The author of On Ariciery 
Medicine expresses skepticism about the use of hypotheses in medicine, 
especially the hypothesis that disease is the result of imbalance among the 
four qualities; he argues that this theory does not lead to remedies that 
differ in any significant way from remedies prescribed by other physicians, 
but simply surrounds them with a fog of “technical gibberish.”? He, an! 
other Hippocratic authors of skeptical bent, preferred to have physicians 
proceed cautiously, on the basis of accumulated experience, accepting 
causal theories only when they were supported by overwhelming evi: 
dence. As we have seen, the admonition to proceed experientially bore 
fruit in the careful diagnostic procedures and the impressive case histories 
of the Hippocratic corpus. Occasionally we even find a specific observa- 
tion made to confirm a theoretical conclusion—as in On the Sacred Dis- 
ease, where the author proposed dissection of a goat that had the disease, 
in order to demonstrate that the ailment results from accumulation of 
phlegm in the brain.” 

We must conclude this discussion of Hippocratic medicine with two cau» 
tionary reminders. First, when learned medicine appeared, it did not drive 
out its rivals, Learned medicine was never the only kind of medicine, Aor 
even the most popular, but functioned alongside traditional forms of heal- 
ing belief and practice. Throughout Greek antiquity (from the fifth century 
B.c. onward) the sick could turn for help to learned physicians, priestly 
healers in the temples of Asclepius, midwives, herb-gatherers, and bone- 
setters. Moreover, there can be no doubt that the lines demarcating these 
various types of healers were vague—so that, for example, temple healing 
might be closely associated with learned medicine. Furthermore, there 
seems no question that the sick sometimes experimented with alternative 
types of healing simultaneously or sequentially. 

Second, if traditional medical practices continued to exist alongside 
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“yamned medicine, they were also, to some extent, incorporated within it. 
Snar (5. We Must not inflate learned Greek medicine into an early version 
of modern medicine. Greek medicine was... well, Greek. It had to be 
Futed into the worldview and philosophical outlook of the ancient Greeks; 
and that means it did not exclude all medical beliefs and practices that the 
Western physician would find bizarre or repugnant. Thus dream 
ings remained a part of medicine, including Hippocratic medicine, 
throughout antiquity." And although divine interference was ruled out, re- 
us elements did not altogether disappear. To offer the simplest ex- 
fe, in the opening lines of the Hippocratic oath, the physician swears 
by Apollo and Asclepius and calls on the gods and goddesses to witness his 
oath. If we are tempted to dismiss this example on the grounds that it may 
represent empty ritual (comparable to atheists or agnostics swearing on 
the Bible in a courtroom), a more persuasive case may be found in the 
Hippocratic author who recommends prayers along with regimen.” Or to 
consider a subtler case of religious presence, when the author of On the 
Sacred Disease denies that disease is the result of divine intervention, he 
is only arguing that every disease has a natural cause; he is not opposed to 
the view that this natural cause is itself an aspect or a manifestation of 
divine agency. Most Hippocratic physicians undoubtedly continued to be- 
lieve that natural things partake of divinity, and that disease is simultane- 
ously natural and divine. 


HELLENISTIC ANATOMY AND PHYSIOLOGY 


Our sources for Greek medicine are strangely bifurcated. We have the Hip- 
pocratic writings, which teach us much about early Greek medicine; and 
we have a variety of sources from the early Christian era, which give us a 
goad picture of medicine under the Roman Empire. But there is an inter- 
yening period of four hundred to five hundred years for which we have 
only fragmentary remains of medical literature. The explanation is not that 
medicine ceased to be practiced or that medical treatises ceased to be writ- 
ten (although the production of medical treatises no doubt had its ups and 
downs); it is rather that, for reasons unknown to us, the medical writings of 
this intervening period did not survive. Developments in medicine during 
this period must, therefore, be reconstructed from fragmentary descrip- 
tions in the work of later authors.” 

Knowledge of human anatomy and physiology among Hippocratic phy- 
Sicians seems to have been quite limited. There is little evidence of the 
Systematic dissection of human bodies during, or prior to, the period in 
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which the Hippocratic treatises were produced—owing, no doubt, to ma 
ditional taboos regarding proper burial of the dead and perhaps also 
the absence of any good reason for supposing that human dissection oa 
provide beneficial knowledge. Such anatomical knowledge as existed 
undoubtedly acquired in the course of surgery or the treatment Of Wounds 
or by analogy with animal anatomy (well understood, thanks to Aristotle), 
It was an event of great significance, therefore, when the practice of 
human dissection began in Alexandria in the third century B.c.“ How thig 
extraordinary innovation came about, we do not exactly know. It Was un- 
doubtedly connected with royal patronage from the Ptolemaic dyn: 
which was powerful enough to violate traditional burial taboos if it 80 as 
sired; it may have had something to do with medical developments, which 
elevated the significance of anatomical knowledge, or with the transplanta. 
tion of Greek medicine into a new social and religious setting; it appears tg 
have occurred within a philosophical context in which new questions 
coming to the fore may have called for new methods of investigation. 
Whatever the reasons, ancient testimony is virtually unanimous in main: 
taining that Herophilus of Chalcedon and Erasistratus of Ceos were the 
first to engage in systematic dissection of the human body; if we are to 
believe the Roman encyclopedist Celsus and the church father Tertullian, 
they even engaged in the vivisection of prisoners, 

What did they learn? Herophilus (d. ca. 260 or 250 ».c.), a native of Asia 
Minor, studied medicine under Praxagoras of Cos before migrating to Al- 
exandria, where he worked under the patronage of the first two Ptolemaic 
rulers. His pathological theory and therapeutic practice, insofar as we can 
tell, seem to have been Hippocratic in character; it was as an anatomist tliat 
he broke fresh ground." Herophilus investigated the anatomy of the brain 
and nervous system, identifying two of the brain's membranes (the dura 
mater and pia mater) and tracing the connections between the nerves, the 
spinal cord, and the brain. His distinction between sensory and motor 
nerves reveals his understanding of the functions of the nervous system, 
He examined the eye with great care, identifying its principal humors and 
tunics and creating a technical nomenclature that has survived to the 
present; he traced the optic nerve from the eye to the brain and argued 
that it was filled with a subtle pneuma, 

Herophilus also explored the organs of the abdominal cavity. He pre- 
sented careful descriptions of the liver, the pancreas, the intestines, the re- 
productive organs, and the heart. He distinguished veins from arteries by 
the thickness of their walls. He examined the valves in the heart. He stud- 
ied the arterial pulse—though he did not understand it as a simple mé- 
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response to the pumping action of the heart—and employed 

tions in pulse rhythms as a diagnostic and prognostic tool. He de- 

` ribed the ovaries and the Fallopian tubes and wrote a treatise on 

obstetrics. Even this brief sketch reveals Herophilus’s remarkable achieve- 
as a student of human anatomy and physiology. 

His work was continued by his approximate contemporary, Erasistratus 
ba 304 ».c.), from the island of Ceos, who had studied medicine in 
Athens within the peripatetic school and at Cos.’ Erasistratus followed 
up and improved on Herophilus’s investigations of the structure of the 
prin and the heart. He supplied an excellent description (which Galen 
quotes for us) of the bicuspid and tricuspid valves and their function in 
determining one-way flow through the heart; the heart, in Erasistratus’ 
view, functioned as a bellows, expanding to draw blood or pneuma into it, 
contracting to expel blood into the veins and pneuma into the arteries, 
‘The expansion and contraction of the heart, Erasistratus held, were the 
result of an innate faculty residing in the heart; he argued, correctly, that 
expansion of the artery during the arterial pulse was simply a passive re- 
sponse to the expansion and contraction of the heart. 

‘Although we have important pieces of physiological theory from Hero- 
philus (his theory of the pulse, for example), he seems to have been more 
interested in structure than in function. We find a great deal more phys- 
iology in the work of Erasistratus. Apparently influenced by the peripatetic 
school, Strato in particular, Erasistratus argued that matter consists of tiny 
particles separated by minute void spaces; he combined this corpuscu- 
larianism with the theory of pneuma, to explain a variety of physiological 
processes. Let us use his explanations of digestion, respiration, and the vas- 
cular systems (of particular importance because of their subsequent influ- 
ence on Galen) for illustrative purposes. 

Erasistratus believed that all tissue in the body contains veins, arteries, 
and nerves, and that these vessels serve as channels by which various sub- 
stances fundamental to the functioning of the body are conducted to its 
various organs. Food enters the stomach, where it is mechanically reduced 
to juice, which passes through tiny pores in the walls of the stomach and 
intestines to the liver, there to be converted into blood. Blood is then sent 
through the veins to all parts of the body, where it is responsible for nour- 
ishment and growth. The arteries, by contrast, contain only pneuma, in- 
haled from the atmosphere in respiration and drawn down to the left side 
of the heart through the “vein-like artery” (our pulmonary vein); from the 
heart, pneuma is distributed through the arteries to all parts of the body, 
endowing these parts with their vital capacities. Finally, the nerves contain 
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a finer form of pneuma, “psychic” pneuma, produced from arterial Pneuma- 
| by refinement in the brain and responsible for sensation and motor fune 
{ tions. To explain the movement of these substances throughout the body, 

Erasistratus appealed to nature's abhorrence of a vacuum: the pumping 
action of the heart or the consumption or wastage of matter in an Organ, 
requires that blood or pneuma be immediately drawn in to occupy the 
newly created or newly vacated space. 

This is a very impressive theory, portions of which were to survive 
within Western physiological thought for nearly two thousand years, Buy 
even in Erasistratus’ day, an apparently fatal objection was posed— namely, 
that when an artery (the channel by which pneuma is conducted to all 
parts of the body) is cut, blood flows from it. Erasistratus responded to the: 
objection by arguing that the veins and arteries do not, under normal ĉir- 
cumstances, communicate; however, when an artery is opened, the escap- 
ing pneuma creates, or threatens to create, a vacuum; this potential 
vacuum, in turn, opens up tiny channels (anastomoses) between the veins 
and arteries, allowing blood to pass temporarily from the veins to the ar: 
teries and follow the escaping pneuma out through the wound. 

Erasistratus’ theory of nutrition and vascular flow led easily to a theory 
of disease. Erasistratus held that disease is caused principally by the flood- 
ing of veins with surplus blood, owing to excessive eating. If, for example, 
the veins are sufficiently charged with blood, the normally closed channels 
between the venous and arterial systems may be forced open; blood may 
then pass into the arteries and be sent through the arterial system to the 
extremities, where it causes inflammation and fever. It follows, from such # 
theory of disease, that therapy must be directed toward reducing the quan- 
tity of blood. This may be accomplished through limiting the intake of 
food or (Jess commonly) through blood-letting. 


HELLENISTIC MEDICAL SECTS 


Herophilus and Erasistcatus attracted substantial attention within the medi- 
cal world and drew leading physicians and medical theorists into their 
orbits. These students and observers, though no doubt inspired by the ex- 
ample and the teachings of the two men, seem not to have considered 
themselves bound to any sort of doctrinal orthodoxy. After all, Herophilus 
and Erasistratus had themselves disagreed on many issues. A student of 
Herophilus, Philinus of Cos, wrote a book against certain teachings of Her- 
ophilus and the Herophileans, which set offa round of attack and counter- 
attack, Over the next several centuries a substantial polemical literature 
was produced by the Herophileans and their critics (who became known 


Fig. 6.4. Greek physician, grave relief, 480 n.c. Antikenmuseum Basel, Inv. no. BS 236. 
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as “empiricists”). Hellenistic medicine was beginning to break 
rival medical sects, each with its own medical theories and 
odological program. 


scended in part from the Herophileans and Erasistrateans, wag al 

lumped together in antiquity under the rubric “rationalists” or \ 

matists.” It must be stressed that the “rationalists” or “dogmatists" dig p 

constitute a unified or coherent movement but were divided on pe 

issues; if they were united by anything, it was their general commitment 
speculative, theoretical medicine—the attempt to apply, to the meet 
realm, the methods of natural philosophy that we have observed in the 

Principal philosophical schools. Some “rationalists” continued to defend 

human dissection as a valuable methodological tool, capable of contribut 

ing to the formulation of hypotheses regarding the hidden causes of de 
ease; what al would have agreed on is the value of physiological thes 

for the practice of medicine. 4 

Their principal rivals and detractors, the “empiricists,” adopted the radi- 
cally opposite opinion that theoretical speculation, including the quest for 
physiological knowledge and the hidden causes of disease, was a waste of 
time; and, especially, that human dissection made no useful contribution 
to medical knowledge and should be forbidden. The “empiricists” mains 
tained, in short, that the anatomical and physiological tradition developed 
by Herophilus, Erasistratus, and their theoretically oriented followers wis 
a medical dead end, which was to be avoided. The successful physician 
should concentrate on visible symptoms and visible causes and recon- 
mend therapy on the basis of past experience (his own and that of his pre- 
decessors) of the efficacy of various remedies, 

i In the first century a.p., there appeared in Rome a third group of physi- 
cians, known as “methodists,” whose basic claim was that the “rationalists” 
and “empiricists” had made medicine unnecessarily complicated—that 
the intricacies of learned medicine, including anatomy and physiology and: 
the quest for the causes of disease (both hidden and visible), could be dis- 
pensed with. The core of “methodist” teaching was that disease depends 
On tenseness and laxness of the body and that the prescribed treatment 
follows directly and “methodically” from this premise. Such teaching 
proved very popular among Roman aristocrats, whose support made 
“methodism" a powerful medical force in Rome and throughout the 
Hellenistic world. A fourth doctrinal school was that of the “pneumatists,” 
who built a medical philosophy on Stoic principles. And finally, we must 
mention Asclepiades of Bithynia (fl. 90-75 s.c.), an influential Roman phy- 
sician, who repudiated humoral theories in favor of atomistic doctrines. 


its own oa 
In the long run, several groups emerged.” One family of SECIS, de 
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GALEN AND THE CULMINATION OF HELLENISTIC MEDICINE 


poss this medical world that Galen entered when, at age sixteen, he de- 
on a medical career. Born in Pergamum (one of the leading 
P Mectual centers Of Asia Minor and of the entire Hellenistic world) in 
0 an, Galen studied philosophy and mathematics before turning to 
É ne” His travels, in pursuit first of education and later of patronage, 
serae the high level of mobility enjoyed by scholars in the ancient 
world, Galen studied medicine in Pergamum and Smyrna (both in Asia 

i; ), then in Corinth on the Greek mainland, and finally in Alexandria. 
From Alexandria, he returned to Pergamum as physician to the gladiators, 

then moved to Rome in search of patronage, returned to Pergamum, went 

back to Italy, and eventually settled in Rome, where he enjoyed the friend- 

ship and served the medical needs of the rich and powerful, including the 

ors Marcus Aurelius, Commodus, and Septimius Severus. He died 

after 210. Galen produced an enormous body of writings, the surviving 

portions of which occupy twenty-two volumes in the standard nineteenth- 

century edition. These writings, which summed up the knowledge and 
adjudicated the principal disputes of the ancient tradition of learned medi- 
cine, established Galen as the leading medical authority of antiquity— 
tivaled only by Hippocrates—and gave him unparalleled influence well 

into the modern period. 

Galen was a broadly educated philosopher, informed on all of the major 
philosophical controversies of antiquity and committed to the integration 
of medicine and philosophy. He was powerfully influenced by the Hippo- 
cratic corpus, by Plato, Aristotle, and the Stoics, by the anatomical and 
physiological works of Herophilus and Erasistratus and the medical con- 
troversies of the Hellenistic period. He has been described as an eclectic 
rationalist,” more interested in the disease than in the patient, viewing the 
latter as a vehicle by which to gain understanding of the former. Central to 
his medical aims was the need to classify diseases—to discover the univer- 
gals that lay behind the particulars—and to search for their hidden causes. 
And he was convinced that anatomical and physiological knowledge was 
essential to the success of this venture. 

Hippocratic influence was of critical importance in shaping Galen's 
medical philosophy (though he felt free to borrow selectively and to inter- 
pret the borrowed elements loosely). It furnished his view of the human 
frame and the task of the physician, his stress on the importance of clinical 
observation and case histories, his concern with diagnosis and prognosis, 
and his general therapeutic notions. From the Hippocratic treatise On the 
Nature of Man, Galen took the doctrine of the four humors—the view that 
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the fundamental constituents of the human body are blo 

yellow bile, and black bile, reducible in turn to the basic waliti 

cold, wet, and dry. The four humors, he argued, come ioe Pak: 

tissues; tissues combine to form organs; Organs unite to make y TA an 
Disease may be connected either with disequilibrium ae able 

mors and their constituent qualities or with the specific state nal 


od, phlegm, 


ing humors; localized fevers result 
specific organ, leading to changes, 
pain. For purposes of diagnosis, Galen lea; i 

nF , ned es ally 
amination of the urine; but he also E E 


the other signs stressed in the Hi i 
ippocratic c i 
Healing, he wrate: o 4 


When you meet the patient, you study the most important 
symptoms without forgetting the most trivial. What the most 
important tell us is corroborated by the others. One generally 
obtains the major indications in fevers from the pulse and the 
urine. It is essential to add to these the other signs, as Hippo- 
Cratics taught, such as those that appear in the jas the ne 
ture the patient adopts in bed, the breathing, the nature of the 
upper and lower excretions, . . , presence or absence of head- 
ache, . . . prostration or good spirits in the patient, . . [and] 
the appearance of the body.” Hi 


Essential to the successful j i 
practice of medicine, Galen believed 
r was 
knowledge of the Structure and functioning of the individual ora He 
ere the importance Of anatomical knowledge, but acknowledged 
at in his day dissection of humans was no longer possible. He urged his 


cluding a small monkey known as the barbary ape (the macaque). His skill 
as an anatomist is obvious from several anatomical works, including a 
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wide to dissection, On Anatomical Procedures, He supplied excellent de- 


=ations of the bones, the muscles, the brain and nervous system, the 
ves, the veins and arteries, and the heart. He borrowed, of course, from 
the work of Herophilus and Erasistratus; but he did not hesitate to correct 
these predecessors when he felt they were in error. Unfortunately, Galen’s 
sign of animals led to the mistaken attribution to humans of certain 
anatomical features found only in his animal sources; the most notorious 
ease is that of the rete mirabile, to which we will return. Nonetheless, it 
was Galen's anatomical works, rather than those of Herophilus and Eras- 
jsiratus, that survived; and thus it was Galen who supplied Europe with its 
only systematic account of human anatomy until the Renaissance. 

Glen's physiological system had even more complex roots, Plato had 
argued for a tripartite soul, consisting of a superior (“rational”) part and 
wo inferior parts (associated with the passions and appetites), lodged, re- 
spectively, in the brain, the chest, and the abdominal cavity. Galen adopted 
this scheme and proceeded to correlate the three faculties of the soul 
identified by Plato with the three basic physiological functions defined by 
frasistratus; the result was a tripartite organizational framework for phys- 
iology In this scheme, the brain (seat of the soul's rational faculties) was 
identified as the source of the nerves. Following Erasistratus, Galen argued 
that the nerves contain psychic pneuma, which accounts for sensation and 
motor functions. The heart (seat of the passions) became for Galen the 
source of the arteries, which convey life-giving arterial blood (and vital 
pneuma) to all parts of the body. And the liver (seat of desire or appetite) 
was made the source of the veins, which nourish the body with venous 
blood.” 

These three physiological systems, as Galen developed them, were not 
totally independent but had interconnections. It may be helpful, therefore, 
if we work through them from beginning to end—from the initial intake 
of food to the final distribution of psychic pneuma through the nerves. 
Food arrives in the stomach, where it is reduced to juice (chyle is the 
Greek term)—not merely through mechanical action, as Erasistratus be- 
lieved, but through cooking by the body’s vital heat. Chyle passes through 
the walls of the stomach and intestines into the surrounding mesentery 
veins, which convey it to the liver. In the liver, chyle undergoes further 
refinement and cooking, to yield venous blood. This venous blood, which 
ig nourishment for the body, moves slowly outward through the veins to 
the various tissues and organs, where it is consumed. Thus the venous sys- 
tem has its origin in the liver, it conveys venous blood to all parts of the 
body; and it is responsible for nourishment.” 
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| Venous blood reaches the right side of the heart through the veng ce, 

A major blood vessel (Galen's artery-like vein, our pulmonary ärt can 
ries some of this venous blood to the lungs, which, like all other 
require nourishment. The remainder of the venous blood seeps sl : 
through tiny pores in the heavy muscle (the interventricular Septum) thar 
divides the right ventricle of the heart from the left. Galen acknowle 
that these pores are too small to be visible, but he argued that Since the 
incoming vena cava is larger than the outgoing artery-like vein, some ven 
ous blood must go elsewhere; moreover, the disparity in size is too great 
to be accounted for by the fact that the heart (like every other organ) con. 
sumes a certain amount of venous blood as nourishment; and finally, the 
Principle that nature does nothing in vain guarantees that the small pits 
in the surface of the interventricular septum must lead somewhere, k 
follows that 


the thinnest portion of the blood is drawn from the right ven- 
tricle into the left, owing to there being perforations in the 
septum between them: these [perforations] can be seen for 

a great part [of their length]; they are like pits with wide 
mouths, and they get constantly narrower; it is not possible, 
however, actually to observe their extreme terminations, 

| owing both to the smallness of these and to the fact that when 
| the animal is dead all the parts are chilled and shrunken.” 


What happens when venous blood reaches the left side of the heart? 
Here we must introduce Galen's theories of vitality and respiration," 
Galen joined Plato, Aristotle, and the anonymous author of On the Heart 
(a treatise formerly considered Hippocratic, but probably Hellenistic) in 
identifying life with innate heat; moreover, he shared their view that the 
principal seat of this life-giving heat is the heart. Maintaining the right de- 
gree of vital heat is critical, of course, and it is the lungs and respiration 
that perform this function. On the one hand, the lungs surround the heart 
and diminish or moderate its heat. On the other, they nourish the “fire” 
within the heart by sending air to it through the vein-like artery (our pul- 
monary vein); and by the same mechanism they provide a way for the 
heart to rid itself of the waste products of burning. As the heart expands, 
air is drawn from the lungs into the left ventricle of the heart; as the heart 
contracts, soot and smoky vapors are sent in the other direction and ex- 
haled into the atmosphere. Air reaching the left ventricle of the heart dur- 
ing the expansive phase mixes with venous blood that has passed through 
the interventricular septum—blood that has also been heated and thus viv- 


Greek and Roman Medicine 129 


C see the innate heat in the heart. The product is a finer, purer, and 
ped H Seer blood, now charged with vital spirit or pneuma, which is 
` throughout the body by the arteries. In the course of defending 
ee cory, Galen devoted considerable attention to proving, contrary to 
bishe rus, that the arteries do indeed contain blood. Thus we have 
Bes second major physiological system—the arterial system, rooted in 
heart, conveying arterial blood through the arteries, imparting life to 
e tissues and organs of the body. ; 

he brain, like every other organ, is the recipient of arterial blood. 
some of this arterial blood passes into the rete mirabile—a network of 
fine arteries found in certain ungulates (where it serves cooling functions) 
and mistakenly attributed by Galen to humans. In passing through the ar- 
teries of the rete mirabile the arterial blood is refined and emerges as the 
; finest grade of spirit or pneuma—psychic pneuma. This pneuma is sent to 
all parts of the body through the nerves and accounts for sensation and 
motor functions; and thus we have the third of Galen's major physiological 
oi leaving Galen's physiology, it is necessary to make one more 
point, Galen found Erasistratus’ attempt to mechanize physiology unper- 
suasive. In particular, he did not believe that the movement of fluids 
through the body could be sufficiently explained in terms of pumping ac- 
tion or nature’s abhorrence of a vacuum, He accepted that the heart func- 
tions as a bellows, drawing air from the lungs during expansion and 
propelling arterial blood into the arteries during contraction, and that the 
arteries themselves have active motions that move fluids along. But in ad- 
dition, he was persuaded that all organs possess nonmechanical faculties 
by which they attract, retain, and repel fluids on the basis of need. Thus the 
liver has the capacity to draw to itself the chyle that it requires. Similarly, 
yenous blood moves through the body not because it is pumped, but be- 
cause the organs of the body attract, retain, and repel it according to their 

need for nourishment. he 
Galen's medical system proved exceedingly persuasive, dominating 
medical thought and teaching throughout the Middle Ages and into the 
early modern period. Part of its persuasive appeal lay in its comprehen- 
siveness. Galen addressed all of the major medical issues of the day. He 
could be both practical, as in his pharmacology, and theoretical, as in his 
physiology. He was philosophically informed and methodologically so- 
phisticated.* His work embodied the best of Greek pathological and thera- 
peutic theory. It contained an impressive account of human anatomy and a 
brilliant synthesis of Greek physiological thought. In short, Galen offered a 
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complete medical philosophy, which made excellent sense 
nomena of health, disease, and healing. 


| into his anatomy and physiology a massive dose of teleology, which 
endear him to Islamic and Christian readers. Galen was 
Christian, and his teleological approach had no Christian roots but was 
spired by Plato's Timaeus and Aristotle's The Parts of Animals and by Stoic 
thought. Like Aristotle—indeed, more than Aristotle—Galen found 


Usefulness of the Parts of the Body is a litany of praise to the wisdom and 
providence of the Demiurge (a term and a conception obviously bog 
towed from Plato). In this book Galen wrote: 


And I consider that I am really showing him [the Demiurge] 
reverence not when I offer him [sacrifices]... . of bulls and 
l burn incense. . . , but.when I myself first learn to know his 
wisdom, power, and goodness, and then make them known to 
others. I regard it as proof of perfect goodness that one 
should will to order everything in the best possible way, not 
grudging benefits to any creature, and therefore we must 
praise him as good. But to have discovered how everything 
should best be ordered is the height of wisdom, and to have 


accomplished his will in all things is proof of his invincible 
power.” 


Galen argued that Nature (or the Demiurge) does nothing in vain; that the 
structure of the human body is perfectly adapted to its functions, unable to 
be improved even in imagination. Galen even presented the beginnings of 
a natural theology—that is, a theory of god or the gods based on evidence 
found in nature. At the conclusion of The Usefuiness of Parts, he called at. 


tention to lessons that can be learned about the world soul from the inves- 
tigation of animal anatomy: 


For when in mud and slime, in marshes, and in rotting plants 
and fruits, animals are engendered which yet bear a mar- 
velous indication of the intelligence constructing them, what 
must we think of the bodies above [ie., the celestial bodies]? 
.. Thus, when anyone looking at the facts with an open 
mind sees that in such slime of fleshes and juices there is yet 
an indwelling intelligence and sees too the structure of any 
animal whatsoever—for they all give evidence of a wise Cre- 


OF the Phe 


But there was another reason for Galen's popularity. Galen intro A 


not himself g 


dence of intelligent design in the animal and human frame, and his On the: 
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aror—be will understand the excellence of the intelligence in 
the heavens” 
e easily imagine, Galen's teleology, as well as his desire 
}, asthe _ ae oe into a complete and satisfying (and, of 
y ¢ fit Be oe ) worldview, have not always gone down well with modern 
er fars Indeed, Galen has been the target of a certain amount of abuse 
k medical historians, angry at him for not being modern.” Of course, 
an was merely being a second-century Greco-Roman; and if we con- 
} erare on his deficiencies from a modern standpoint, we are apt to miss 
Bee opportunity to learn from his life and thought what it meant to be a 
physician in the declining years of Greco-Roman civilization. Galen pulled 
iether several strands of ancient thought: he summed up more than six 
hundrëd years of Greek and Roman medicine; at the same time, he fitted 
that medicine into an ancient philosophical and theological framework. 
That teleology pervades Galen's work is a useful reminder that the ques- 
tion of order and organization in the universe remained a problem of cen- 
tralimportance, which every major thinker still felt obliged to address and 
‘on which the last word had yet to be said—a problem, indeed, on which 
the last word has yet to be said today. That the gods figure into Galen’s 
worldview, and even into his medical system, is not a feature to be regret- 
ted, but one to be understood as typical of ancient medicine and philoso- 
phy. Galen did not differ substantially from the Hippocratic writers, or 
from his principal philosophical guides, in his view of the gods. Although 
he admitted divinity into the medical realm, as in his acknowledgement of 
the healing power of Asclepius,” he did not permit this belief to interfere 
with the formulation of a medical philosophy restricted to natural causa- 
tion. Galen certainly believed that behind the admirable design found in 
living things could be discerned a designer; but this belief had no major 
influence on his analysis of disease or on his diagnostic and therapeutic 
procedures. 


SEVEN 
Roman and Early Medieval Science 


GREEKS AND ROMANS 


Galen's career (examined in the previous chapter) nicely illustrates the in- 
ferpenetration of Greek and Roman intellectual life. Born and raised in 
bergamum in Asia Minor—well within the boundaries of the Roman Em- 

, but still a stronghold of Greek culture—Galen continued his educa- 
tion in Corinth (on the Greek mainland) and in Alexandria. It was a Greek 
education that he received—delivered in Greek and based on the Greek 
¢lassics—and it was the Greek intellectual tradition that he thus joined. 
But Galen finished his career in Rome, serving Roman emperors and lec- 
turing to Roman audiences. His biography thus raises the question to 
which the opening sections of this chapter will be devoted: what was the 
political, cultural, intellectual, and especially scientific relationship be- 
tween Greece and Rome? 

The autonomy and the dynamic political life of the Greek city-states 
ended with the conquests of Alexander the Great (334-323 s.c.) and the 
establishment of a Greek empire. However, intellectual life in the suc- 
cessor states, after the division of Alexander’s empire among his generals, 
was the object of sporadic, sometimes generous, patronage and remained 
vigorous, at least for a time. Meanwhile, Rome grew from an insignificant 
Etruscan town in the seventh century B.C. to a thriving republic in the fifth 
and fourth centuries. By 265 s.c. it controlled the Italian peninsula, and by 
200 it had enough of a foreign policy and sufficient military might to inter- 
vene in Greek affairs during the Second Macedonian War (200-197). 
Rome gradually extended its influence over Greek lands in the next 
150 years; by the death of Julius Caesar in 44 B.c., Rome was in control of 
virtually the entire Mediterranean basin, including Greece, Asia Minor, and 
North Africa (see map 3). 
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Map 3. The Roman Empire 


In the Greek provinces, Roman control did not lead to the collapse 
of culture and learning. On the contrary, as the Roman writer Horace 
(d. 8 B.c.) pointed out so famously, while Rome captured Greece militar- 
ily and politically, the artistic and intellectual conquest belonged to the 
Greeks.' As Rome’s power and prosperity increased, its leisured class be- 
gan to appreciate Greek achievements in literature, philosophy, politics, 
and the arts. Any Roman wishing to acquire sophistication in such matters 
could do no better than to imitate the Greek achievement—to borrow 
from a culture of superior accomplishment in these areas. 

The linguistic and geographical barriers that one might expect to have 
hindered such borrowing did not, in fact, prove to be a serious problem in 
the early years of cultural contact. The ability to read and speak Greek was 
common in Italy, which had Greek settlements going back many centuries; 
recall, for example, Parmenides and Zeno from the city of Elea and the 
Pythagoreans of southern Italy visited by Plato. Rome itself had a commu- 
nity of Greeks by the second century s.c., and bilingualism (at some level) 
flourished among the Roman upper classes. With increasing frequency 
Greek scholars settled in Rome, voluntarily or as slaves; and it was easy to 
find Greek teachers willing to expound the content of Greek literature and 
philosophy. Study abroad in the Greek Provinces was another alternative, 
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ig. 7.1. The ancient forum in Rome. Alinari/Art Resource N.Y. 


Which, for a young Roman with serious scholarly aspirations, became al- 
most obligatory. By such mechanisms, Rome and its environs acquired a 
Substantial circle of Greek and Roman scholars—all of them in touch with 
the Greek learned tradition. Eventually, Roman scholars began to convey 
aspects of the Greek intellectual achievement to a Latin readership. In a 
few cases, texts were even translated from Greek to Latin? 

Anumber of these circumstances are illustrated by the career of Cicero 
(106-43 B.c.), a highly educated Roman statesman and man of letters. 
Cicero studied with Greek teachers, first in Rome, subsequently in Athens 


and on the island of Rhodes; he learned Greek, of course, and also mas- 
tered significant portions of Greek philosophy and was strongly influ- 
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enced by Stoicism and the epistemological theories that developed within 
the Platonic school in the third century? Cicero wrote Latin treati 
variety of topics and produced a Latin translation of Plato’s Timaeus ( 
has not survived), 

Support for scholarship was, at the beginning, entirely private, A mem 
ber of the upper class might devote some of his leisure time to m 
and learned discussion; he might have a library, possibly even a Substantia 
one. But anybody who lacked means of his own would have to find a Pa 
tron. The possible arrangements actually covered a wide Spectrum, from 
distinguished scholars attached to the households of the wealthy to edy. 
cated, Greek-speaking slaves. The obligations of the scholar who made jt 
to the top of this ladder might be to advise or provide intellectual compan. 
ionship for his patron, or to care for his patron's library; if less fortunate or 
less able, he would likely be charged with the education of his patron's 
children and perhaps be given menial tasks in addition, 

The level of discourse in these settings varied. The Roman scholar who 
i wished to proceed at the highest level would do it in Greek, It follows thar 

such scholarly discourse as occurred in Latin (whether spoken or written) 

| | fell somewhat below the highest levels of Greek scholarship, which have 


Which 


thus far occupied our attention. Latin was employed when the linguistic 
limitations of the audience demanded; and it was a lighter, more poptilar 

| version of Greek learning that appealed to that audience, Certain promi- 

i nent historians of science, sneering at popularization, as though nothing 
but “cutting-edge” research matters, have been very critical of the Greeks 
for having developed a popular level of learning, and of the Romans for 
drawing on it“ But this reflects a very narrow outlook. In fact, there must 
be multiple levels of knowledge and expertise within any scholarly tradi- 
tion. For every Aristotle, capable of confronting perplexing philosophical 
or scientific problems in original ways, there were thousands of educated 
Greeks and Romans whose aspirations did not and could not go beyond 
grasping what Aristotle had achieved or reconciling Aristotle's views with 
those of other acknowledged authorities, Inevitably, any program of créa- 
tive research is accompanied by other movements directed toward preser- 
vation, commentary, education, popularization, and transmission. We can 
see this in our own school system. 

Given these circumstances, it was natural for scholars setting out to 
sample and interpret the Greek intellectual achievement for a Roman audi- 
ence to concentrate on that which interested their Roman patrons—not 
the subtleties of Greek metaphysics and epistemology, nor the technical 
details of Greek mathematics, astronomy, and anatomy, but subjects of 


paci 


ona 
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intri 1. A certain amount of mathematics 

ae aie a ENON OR or as training for the intellect. 
is ae eeded justification, though Romans were initially sus- 
pene Ti y ee of Greek medicine. Logic and rhetoric were im 
por d A courts and the political arena. And Epicurean and Stole 
Soa h ae a eaei pressing ethical and religious concems. But science 
ry Pony, beyond the basics, was rarely valued except as 
ald This state of affairs is vividly illustrated by the fact that for 
es most celebrated astronomical authority was Aratus of Soli 
amt ae poem on the constellations and weather Prognostica- 
Se rns ) was translated into Latin at least four times, while 
5 works of Eudoxus and Hipparchus remained unavailable or 


(d 240 
non (Zhe 
the technical 


; be 
Taai ae or natural philosophy as Romans knew, then, tended ie S 
=i d, popularized version of the Greek achievement. Generation: 
Sorin hes sought to explain the Roman failure to master the mo 
Be oc technical aspects of Greek learning in terms Sapiens a 
ort tal defect. It is often sai - 
iori ral weakness, or temperamen ofte 
Bont, ae did not have theoretical minds—though it is then ie 
Bea en use everybody has to be good at something) a BR i i 
“ ) i i t$ In fact, 
i i ini d engineering taleni 
is deficiency with administrative an 
y a mystery about the level or the degree of Roman inelleetual 
Se and no reason to be surprised or critical. We need always to nee 
nan the Roman aristocracy regarded learning, except for clear! ie ul a 
jan matters, as a leisure-time pursuit. Romans, then, did the is a 
hcg they borrowed what seemed interesting or useful. If certain í re i 
i ina ed their lives to subjects that were abstract, a a : 
tical, and (as some no doubt judged) boring, a = R ee : 
he same mistake, Mem 
numbers of Romans to make tl ; ee pee 
points ol 
had about the same level of interest in ah i i 
Ea as the average American politician has in m 
and epistemology. At best, their desire was, as the Roman eee y 
nius na it, “to study philosophy, but in moderation.”” The only surp: 
that historians should have expected it to be otherwise. 


POPULARIZERS AND ENCYCLOPEDISTS 


I have described the circumstances under which science i aaa P 
er classes, 
rsued by members of the Roman upp lasse 
e ee them. I must now illustrate the resulting intellectual 
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tradition, examining specific genres of Latin literature that dealt with h 
tific subjects or shaped the intellectual environment withi 


n which scien. 
was pursued, and surveying a few of the most influential works, F 


One of the best known and perhaps most influential 
larizers was the Stoic Posidonius (ca. 135-51 B.c.). Born in $ 


influence on Roman intellectual life through his many pupils, one g 
whom was Cicero; but he also traveled to Rome and impressed the Ro- 
mans in person. Posidonius was the closest thing to a universal scholar thar 


we can find in the first century r.c. He was interested in history, geography, 


moral philosophy, and natural philosophy and wrote voluminously on all 
of these subjects. Among his works (all written in Greek) were commen 
taries on Plato's Timaeus and Aristotle's Meteorology; Lucretius borrowed 
heavily from the latter in writing his On the Nature of Things. 
Posidonius’s works have not survived, and our knowledge of them is 
therefore secondhand; but one of his most influential Investigations seems 


to have been the determination of the earth’s circumference—which he 


put first at 240,000 stades (a little smaller than Eratosthenes’ estimate), 
later at 180,000 stades. The importance of this smaller figure is that it was 
picked up by Ptolemy, passed on to the readers of Ptolemy's Geography, 
and used in the fifteenth century by Christopher Columbus as the basis for 
his calculation of the distance between Spain and the Indies, 

Posidonius exercised substantial influence on Latin writers, such as 
Varro (116-27 n.c.), thereby helping to determine the form and content of 
education and scholarship in Latin. Varro, regarded by his Roman admirers 
as a phenomenal scholar, studied in Rome and Athens; he proved to be 
a prolific writer, turning out Latin works on a variety of topics (about 
seventy-five titles, almost all of them now lost). The most important of 
these was an encyclopedia, Nine Books of Disciplines, which was to be: 
come a model and source for subsequent Roman encyclopedists. One no- 
table feature of the Disciplines was its use of the liberal arts (the subjects 
deemed suitable for the education of a Roman gentleman) as organizing 
Principles. Varro identified and gave a basic account of nine such arts: 
grammar, rhetoric, logic, arithmetic, geometry, astronomy, musical theory, 
medicine, and architecture. Varro’s list, narrowed by subsequent writers 
who omitted the last two arts, came to define the classical seven liberal arts 
of the medieval schools—the first three arts coming to be known as the 
trivium, the remaining four as the quadrivium® 
Varro’s contemporary and friend, Cicero, had quite a sophisticated 


of the early Popi 
yria of Grej, 
parents, Posidonius studied in Athens and subsequently became head op 
the Stoic school on the island of Rhodes. He exercised a Strong indirea. 
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Fig. 7.2. Cicero, Museo Vaticano, 
Vatican City, Alinari/An Resource 
NY, 


knowledge of Greek philosophy—having studied with the Stoic Posi- 
donius; che Epicurean Phaedrus, and the Platonists Philo of Larissa and Anti- 
ochus of Ascalon? Cicero was heavily influenced in his intellectual method 
by the skeptical tendencies that had developed within the Platonic school; 
in particular, he became convinced that probability was the most anybody 
could achieve in philosophical matters and, consequently, that the best 
way of discovering truth was through the critical sifting of past opinion. 
The product of this belief was a series of dialogues in which Cicerone: 
ported the opinions of his teachers, friends, and earlier writers on a variety 
of philosophical topics. For the opinions of his predecessors, especially 
those from the more distant past, Cicero borrowed from existing hand- 
hook literature, including the “doxographic” (or “opinion” ) tradition initi- 
ated by Theophrastus. 

Cicero thus simultaneously drew on, and contributed to, the populariza- 
tion movement. He provided his readers with an account of recent and 
Contemporary controversy on the major philosophical issues, including 
some of the questions that have occupied us in previous chapters—the 
Nature of the underlying reality, the source of order in the universe, the 
tole of the gods, the nature of the soul, and the process of knowing. His 
Own worldview was constructed from a combination of Platonic and Stoic 
elements, and Cicero became one of the major sources of Stoic philosophy 
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for the Middle Ages and the early modern period. He identified God With 
nature, nature with fire, and all three (God, nature, and fire) with the ag 
force responsible for the existence, activity, and rationality of the unive 
He described the Stoic cosmological cycle of successive conflagration 
regeneration. And he advocated the idea of a close parallelism 
the macrocosm (god and the universe) and the microcosm (the individual 
human), arguing that god bears the same relationship to matter in the: 
universe as the human soul bears to the human body. The macrocosm 
microcosm analogy was to become a staple of medieval and Re: 
thought and a central theme of astrological writing. Cicero did not devote- 
much attention to the mathematical sciences, which he considered of, 
value principally for their ability to sharpen the wits of young men; how. 
ever, his discussion of planetary motion in the heavens and his translation 
of Aratus's astronomical poem, The Phaenomena, reveal that he was not 
totally disinterested or uninformed on such matters. 

One of Varro’s and Cicero's contemporaries, Lucretius (d. 55 8.c.), wrote 
a long philosophical poem, Ov the Nature of Things. At one level, this- 
work is a defense of Epicurean natural philosophy, which aims to over. 
come the fear of death by touting the explanatory power of atoms and the 
void. However, within this basic Epicurean framework, On the Nature of 
Things is encyclopedic in its scope and popular in its level of presentation 
and choice of detail. Lucretius discusses the infinity of worlds, their crea- 
tion and destruction, and such basic astronomical data as the path of the 
sun around the zodiac, the resulting inequality of days, and the phases of 
the moon; the mortality of the soul; sense perception, including delusions 
of the senses; sleep, dreams, and love; mirrors and the reflection of light; 
the origins of plant and animal life, including a denunciation of teleologi- 
cal explanation in biology; the origins and history of the human race; and 
extraordinary meteorological and geological phenomena, such as light- 
ning, thunder, earthquakes, rainbows, volcanoes, and magnetic attraction. 
Lucretius concludes with an account of the great Athenian plague.” 

Varro, Cicero, and Lucretius represent the flowering of Roman intellec- 
tual life in the latter days of the Roman Republic. Others who contributed 
to this intellectual enterprise were Vitruvius (d. 25 B.c.), a comtemporary 


who wrote on architecture, and several writers of the early imperial pë- 


riod: Celsus (fl. 25 a.p.), author of an influential medical encyclopedia, 
and the Stoic Seneca (d. 65 a.D.), who wrote on natural philosophy, includ: 
ing meteorology (this portion of his work being heavily dependent on 
Posidonius)." 

However, the man universally regarded as the pinnacle of the popu 
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ion movement is Pliny the Elder (23/24-79 a.n.). Pliny is the central 
jn most accounts of Roman science, and we too must briefly exam- 
his work. He was born in northern Italy, into the provincial nobility, 
educated in Rome. After a successful military career (the route to 
ement for a man of Pliny’s social standing), he turned to literary en- 
vors and ended in the service of the Emperors Vespasian and Titus. He 
several books on the history of Rome and its wars, a book on gram- 
and the work on which his fame now rests, the Natural History, dedi- 
yed to Titus. 

Hi The Natural History is a remarkable work, which resists easy characteri- 
y ation and really must be read to be appreciated.” Pliny had a voracious 
Veoxite for information. In the preface to the Natural History, he reports 
a: he and his assistants perused two thousand volumes by some one hun- 
deed authors and extracted from them twenty thousand facts. It appears 
} shat Pliny worked out a system of note cards, so that he could manually sort 
his oventy thousand pieces of information; the cards were organized by 
“subject and assembled to produce the Natural History." The energy with 
“which Pliny proceeded is astounding. His nephew tells us that he rose as 
‘eurly as midnight and worked nearly round the clock, reading or being 
read to, making or dictating notes. If we are to understand Pliny's achieve- 
ment, it is important for us to grasp his fascination with factual data. Al- 
‘though in the Natural History Pliny sometimes offers explanations of 
natural phenomena, his goal was not to produce a comprehensive, care- 
fully reasoned natural philosophy, but to create a vast storehouse of inter- 
esting and entertaining information—a book, his nephew tells us, “no less 
varied than nature herself." 

Pliny’s purpose, then, was to survey the universe and the natural objects 
that populate it. He devoted seventy-two pages (in a modern English trans- 
lition) simply to a list of the contents of the Natural History and the 
authorities consulted. Among the subjects treated were cosmology, astron- 
Omy, geography, anthropology, zoology, botany, and mineralogy. Pliny had 
4flair for picking out matters of unusual interest, and he has often been 
described primarily as a purveyor of marvels; and, to be sure, natural mar- 
Vels are not scarce in the pages of the Natural History. Pliny reports a 
series of celestial portents (including multiple suns and moons), thunder- 
bolis called forth by prayers and rituals, the greatest earthquake in human 
Memory (which demolished twelve cities in Asia), human sacrifice among 
transalpine tribes, a boy said to have been regularly transported to and 
from school on the back of a dolphin, and exotic races of monsters (in- 
cluding the Arimaspi, who have one eye in the center of their foreheads, 


Pliny’s monstrous races, 
Libsiry, MS Harley 2799, fol. 

(oath c). By permission of the 
atiak Library 


Fig. 7.4. Macrobius on rainfall. A 
thirteenth-century scribe's attempt 
to illustrare Macrobius's argument 
that if we do not assume that all rain 
falls toward the center of the earth 
along a radius, we must accept the 
ridiculous consequence that the 
portion of it that misses the earth 
would find itself ascending toward 
the other hemisphere of the heav- 
ens. British Library, MS Egerton 
2976, fol. 49v (13th c.). By permis- 
sion of the British Library. On this 
illustration and the accompanying 
argument, see John E. Murdoch, Al- 
bum of Science: Antiquity and the 
Middle Ages, pp. 282-83. 
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the Illyrians, who kill with a glance of the evil eye, and the Monocoll, who 
have only a single leg but manage nonetheless to hop with remarkable 
swiftness). z 
Just as it would be a mistake to overlook the marvelous elemen in 
Pliny's Natural History, so it would be a mistake to disregard the more. 
prosaic and commonplace. Pliny’s account of astronomy and cosmology a 
a good example of the latter. He describes the celestial and terresirial 
spheres and the circles used to map them. He knows that the planets moe 
through the band of the zodiac in a west-to-east direction, and he knows 
the approximate periods with which they do so; he described plai 
retrogressions and reports that Mercury and Venus remain within 22° and 
46°, respectively, of the sun. He discusses the motion, phases, and eclipses 
of the moon; and he understands solar and lunar eclipses as a function of 
the relative dimensions of the bodies involved and the shadows thus cist 
With regard to the dimensions of the earth, Pliny reports Eratosthenes 
value of 252,000 stades for its circumference. Pliny thus communicates 
substantial pieces of cosmological and astronomical knowledge, though 
not always reliably and certainly not up to the standards of the mathemati- 
cal astronomer. He was neither borrowing from the tradition of mathe. 
matical astronomy (for example, the astronomical sections of the Natural 
History do not reveal the influence of Hipparchus) nor writing for an audi- 
ence of astronomical specialists. He was merely endeavoring to communi- 
cate the bare essentials to a public not interested in, or equipped to deal 
with, observational or mathematical complexity. 

Pliny was not a typical Roman scholar. Most obviously, nobody matched 
him for energy and dedication to the task of collecting information, More- 
over, his coverage was considerably wider than that of any Roman prede- 
cessor (including Varro, who had confined himself to nine arts); in the 
preface to the Natural History, Pliny points out, correctly, that he is the first 
to attempt to deal with the whole of the natural world in a single work. And 
finally, Pliny surpassed most of his predecessors and contemporaries in 
the superficiality of his treatment. Nonetheless, he does serve as a useful 
measure of what the educated Roman might be expected to know—after 
Pliny, if not before. And the fact that the Natural History survived, while 
many other popularizing works did not, helped to determine the level and 
content of early medieval learning. 

Thus far we have concentrated on Roman literature of an encyclopedic 
nature—attempts to collect in a single work large quantities of informa- 
tion drawn from many different sources, But Rome also saw the develop- 
ment of a commentary tradition, in which the narrative took its structure 
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a good part of its content from a single authoritative text. This tradition 
strates the ancient tendency to identify certain venerable or privileged 
ag as the repositories of knowledge and to measure learning by the abil- 


4 ito réad and interpret those texts. An important example of the Roman 


entary tradition is the Commentary on the Dream of Scipio, by Ma- 
y robius {who flourished in the first half of the fifth century, some 350 years 
after Pliny) This work, which employs Cicero’s Dream of Scipio as the oc- 
dision for an exposition of Neoplatonic philosophy, enjoyed extremely 
mide circulation during the early Middle ages. We will not explore its con- 
ents Except to note that in it Macrobius set out a comprehensive philoso- 
phy of nature, largely Platonic in inspiration, which included substantial 
sections on arithmetic, astronomy, and cosmology.” 

One last Roman compiler must be considered because of the window 
he offers us on the mathematical arts at their best in the schools of the later 
Roman Empire—and also because his book became one of the most 
popular school texts of the Middle Ages. Martianus Capella was probably a 
North African from the city of Carthage; he thus serves, in addition, to re- 
mind us of the strength of the scholarly tradition in the Roman provinces, 
especially those of North Africa, during the later years of the Empire. Mar- 
anus ig customarily dated to the period 410-39, but on the basis of 
slender evidence. The book of his that proved so influential was an alle- 
gory. entitled The Marriage of Philology and Mercury, in which seven 
bridesmaids offer surveys of their respective liberal arts to the wedding 
guests at a celestial marriage ceremony.” 

‘The first of the mathematical arts to be presented is geometry. Through 
the mouth of the bridesmaid Geometry, Martianus briefly surveys the high- 
lights of Euclid’s Elements, including most of the definitions, all of the 
postulates, and three of the five axioms with which that work begins (see 
chap. 5, above), He discusses and classifies plane and solid figures, in- 

eluding Plato’s five regular solids; he defines right, acute, and obtuse 
angles; and he touches on proportionality, commensurability, and incom- 
fensurability. But the bulk of this chapter is devoted to a discourse on 
geography, derived from Pliny and others. Martianus begins with proofs of 
the earth’s sphericity; a report of Eratosthenes’ figure for its circumference, 
accompanied by a faulty account of Eratosthenes’ method of calculation; 
and arguments for the centrality of the earth within the universe. He dis- 
cusses the five climatic zones and the division of the habitable world into 
three continents (Europe, Asia, and Africa), and proceeds to offer an ex- 
tremely swift tour of the known world (basically a boiled-down version of 
Pliny's similar discussion). 
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Arithmetic comes next. Martianus begins with an account, 
Pythagorean in tone, of the first ten numbers, explaining the Virtues a 
associations of each, the deities with which they are connected, and their 
interrelationships. For example, three 


is the first odd number [one doesn’t count as odd for Mar- 
tianus], and must be regarded as perfect. It is the first to admit 
of a beginning, a middle, and an end, and it associates a cen- 
tral mean with the initial and final extremes, with equal inter- 
vals of separation. The number three represents the Fates and 
the sisterly Graces; and a certain Virgin who, as they say, “is the 
ruler of heaven and hell,” is identified with this number. Fur- 
ther indication of its perfection is that the number begets the 
perfect numbers six and nine. Another token of its respect is 
that prayers and libations are offered three times, Concepts of 
time have three aspects; consequently, divinations are ex- 
pressed in threes, The number three also represents the per- 
fection of the universe. . . .° 


Martianus proceeds to the classification of numbers and a discussion of 
what we would regard as their purely mathematical properties. He defines 
numbers as prime (integrally divisible by no number except the num- 
ber 1) or composite; even or odd; plane and solid; perfect, deficient, or 
superabundant. Perfect numbers, for example, are those for which the 
sum of the factors equals the number (1+2+3=6); deficient numbers ate 
those for which the sum of the factors is less than the number (1+2+7<14). 
Martianus also defines and classifies various ratios or proportions, For €x- 
ample, the ratio of 8 to 6 is supertertius, because the first number is a third 
again larger than the second; and the ratio of 6 to 8 is subtertius by similar 
reasoning. 

Martianus begins his account of astronomy with a reference to Era- 
tosthenes, Hipparchus, and Ptolemy—men whose reputation he knew, 
but whose works he had undoubtedly never seen. His chapter on astron- 
omy includes basic cosmological and astronomical information, probably 
drawn from Varro, Pliny, and other sources.” He defines the celestial 
sphere and its major circles. He describes the zodiac, which he breaks into 
twelve signs of 30° each. He names and catalogues the major constella- 
tions. He identifies the traditional seven planets and describes their prin- 
cipal motions with more sophistication than was typical of handbook 
literature. For example, he reveals accurate knowledge of the approximate 
periods of their west-to-east motion around the ecliptic and a good grasp 
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Fig 75. Martinus Capella on the motions of Venus and Mercury. Several attempts to capture 
Murtianus’s theory of the motions of Venus and Mercury in relation to that of the sun, The 
deawisig at center right places Venus and Mercury on sun-centered orbits. From a ninth- 
century copy of Martianus’s Marriage of Philology and Mercury, Pacis, Bibliothèque Na- 
Hünal, MS Lat 8671, fol. Bar. 


of the retrograde motions of the superior planets. One of the most inter- 
esting and influential features of this chapter is Martianus’s discussion of 
the inferior planets, Mercury and Venus, which he believes move through 
orbits centered on the sun {see fig 7.5). Eleven hundred years later, Coper- 
nicus would cite Martianus in support of this feature of his own system.” 


TRANSLATIONS 


in the early years of cultural contact between Rome and its Greek neigh- 
bors (soon to become subjects), there was no problem of scholarly access. 
Widespread bilingualism, ample opportunity for travel or study abroad, 
and the easy availability of Greek teachers provided educated Romans with 
the means by which to participate in the Greek intellectual tradition. For 
those of lesser linguistic accomplishment or more modest aspirations, 
there were popularizing works in Latin and a few translations. Among the 
latter we have already noted Cicero's translations of Plato’s Timaeus and 
The Phaenomena of Aratus. 
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Toward the end of the second century a.D., the conditions that hag 
favored scholarship and learning began to weaken. Two centuries of 
peace and stability gave way, after the death of Emperor Marcus Aurelius 
(180 a.0.), to political turmoil, civil war, urban decline, and eventual eco. 
nomic disaster. Beginning about 250, attack and invasion from barbarians 
on the frontiers of the Empire became an additional threat. The results of 
these events included the loss of economic and political vitality and the 
general deterioration of living conditions, particularly among the upper 
classes. Economic problems, exacerbated by an inadequate supply of slave 
labor and general depopulation (as a result of plague, warfare, and a de- 
clining birth rate), contributed to the loss of leisure—the absolute prere 
quisite for serious scholarly endeavor. A further problem that affected 
scholarship in the West was diminishing communication with the Greek 
East. Near the end of the third century, and again in the fourth century, the 
Empire was divided administratively into eastern and western halves. In- 
creasingly, those two halves went their separate ways, and the Latin West 
gradually tost its vital contact with the Greek East. 

Under such circumstances, intellectual continuity between East and 
West was broken. Bilingualism in the western regions of the Roman Em- 
pire declined, as did basic literacy, and the problem of access to Greek 
learning began to be felt. This is not to suggest that there was a complete 
break, but only that the connection became thinner and more precarious, 
Several men in the later years of the Roman Empire, aware of the growing 
threat, attempted to lessen its impact by translating some of the more fun- 
damental Greek philosophical literature into Latin. Two of these men are 
of particular importance for the history of science.” 

About Calcidius, the first of the two, we know virtually nothing, Even his 
dates are uncertain, although several lines of argument suggest that he may 
have lived late in the fourth century.” At any rate, he translated Plato’s 7#- 
maeus from Greek to Latin; and it was his version of this treatise, rather 
than Cicero’s, that survived into the Middle Ages and became identified 
with medieval Platonism. Accompanying the translation was a long com- 
mentary, in which Calcidius drew on the doxographic tradition and a 
variety of late antique philosophers to explain and elaborate Plato's cos- 
mological ideas. 

The other translator, Boethius (480—524), lived well over a century later, 
after Rome had fallen under barbarian rule. Born into the Roman aristoc- 
racy, Boethius was active in affairs of state and was appointed to high politi- 
cal office in the regime of Theodoric the Ostrogoth; he was subsequently 
accused of treason and put to death. We do not know anything about 
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fiuethius’s education, but his career bears testimony to the continuing 
existence of at least fragments of the Greek intellectual tradition within the 
Roman senatorial class. Boethius set out, as he tells us, to make available to 
the Latins as much of Plato and Aristotle as he could lay his hands on, and 
also to reconcile their philosophies. He succeeded in translating a number 
of Aristotle's logical works (which became known collectively as the “old 
logic"), Euclid’s Elements, and Porphyry’s Introduction to Aristotle's Logic. 
in-addition, Boethius wrote handbooks, based on Greek sources, on sev- 
etal of the liberal arts, including arithmetic and music.** 

By the time Boethius was put to death in 524, the West had been largely 
cut off from original Greek science and natural philosophy. It possessed 
plato's Timaeus, some of Aristotle’s logical works, and a few other bits and 
pieces—none of which, in all probability, had a very wide circulation. 
Beyond that, its knowledge of the Greek achievement was limited to com- 
mentaries, handbooks, compendia, and encyclopedias. Rome had man- 
aged to preserve and transmit the Greek intellectual tradition only in a thin 
and limited version. 


THE ROLE OF CHRISTIANITY 


There is one piece of the picture that we have thus far omitted from con- 

sideration. Christianity grew from a small Jewish sect in a remote corner of 
the Roman Empire into a major religious force in the third century and the 
state religion by the end of the fourth. This book is not the appropriate 
place to investigate the details of that extraordinary development. What is 
important for our purposes is the fact that Christianity came to play a 
powerful religious rote in the late Roman Empire. From this fact follows 
the question that we must now take up—namely, how did the dominance 
of Christianity affect knowledge of, and attitudes toward, nature? The stan- 
dard answer, developed in the eighteenth and nineteenth centuries and 
widely propagated in the twentieth, maintains that Christianity presented 
serious obstacles to the advancement of science and, indeed, sent the sci- 
entific enterprise into a tailspin from which it did not recover for more 
than a thousand years. The truth, as we shall see, is far different and much 
more complicated.* 

One of the charges frequently leveled against the church is that it was 
broadly anti-intellectual—that the leaders of the church preferred faith to 
reason and ignorance to education. In fact, this is a considerable distor- 
tion. Although Christianity seems at first to have appealed to the poor and 
disenfranchised, it soon reached out to the upper classes, including the 
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educated. Christians quickly recognized that if the Bible was to be yal 
literacy would have to be encouraged; and in the long run € ‘bristianity be. 
came the major patron of European education and a major horrower fy a 
the classical intellectual tradition. Naturally enough, the kind and level op theological works, Augustine displayed a sophisticated knowledge of 
education and intellectual effort favored by the church fathers was that ‘ok natural philosophy. Natural philosophy, like philosophy more gen- 
which supported the mission of the church as they perceived it, fally was to serve handmaiden functions.” 

When the church developed a serious intellectual tradition, as it did ig ~ whether this represents a blow against the scientific enterprise or mod- 
the second and third centuries, the driving forces were defense of the “est, but welcome, support for it depends largely on the attitudes and ex- 
Christian faith against learned opponents (an enterprise known as "apolo. ; òns that one brings to the question. If we compare the early church 
getics” ) and the development of Christian doctrine, For such purposes, the with a modern research university or the National Science Foundation, the 
logical tools developed within Greek philosophy proved indispensable. church will prove to have failed abysmally as a supporter of sclence and 
Furthermore, aspects of Platonic philosophy seemed to correlate nicely natural philosophy. But such a comparison is obviously unfair. If, instead, 
with, and therefore to support, Christian teaching. For example, Plato had we compare the support given to the study of nature by the early church 
staunchly defended divine providence and the immortality of the soul; with the support available from any other contemporary social institution, 
better yet, Plato's Demiurge looked very much like a monotheistic answer will become apparent that the church was one of the major patrons— 
to the multiple gods of pagan polytheism; and this Demiurge could, with perhaps the major patron—of scientific learning. Its patronage may have 
only a little stretching, be viewed as the Christian creator-God. Thus in the been limited and selective, but limited and selective patronage is better 
second and third centuries we find a series of Christian apologists putting than no patronage at all. 

Greek philosophy, especially Platonism, to Christian use.” Buta critic determined to view the early church as an obstacle to scien- 

But this development did not please everybody. Some Christians re- tific progress might argue that the handmaiden status accorded natural 
garded the Greek philosophical tradition as a source of error rather thay 


philosophy is inconsistent with the existence of genuine science. True sci- 
truth. For every Plato, author of a philosophy compatible with Christian ence, this critic would maintain, cannot be the handmaiden of anything, 
theology, there were an Aristotle and an Epicurus, whose worldviews were 


but must possess total autonomy; consequently, the “disciplined” science 
diametrically opposed to Christian doctrine on points of critical impor tħat Augustine sought is no science at all. The appropriate response is that 
tance. Tertullian (ca. 155—ca. 230), a native of Carthage in Roman Africa, 


totally autonomous science is an atractive ideal, but we do not live in an 
denounced philosophy as a source of heresy and warned against those ideal world. Many of the most important developments in the history of 
who try to construct Christian doctrine out of Stoic and Platonic materials, science have been produced by people committed not to autonomous sci- 
However, a more typical attitude was that of Augustine (354—430), another ence, but to science in the service of some ideology, social program, or 
North African, who accepted Greek philosophy as a useful, if not perfectly practical end; for much of its history, the question has not been whether 
reliable, instrument. Philosophy, in Augustine's influential view, was to be Science will function as handmaiden, but which mistress it will serve. 
the handmaiden of religion—not to be stamped out, but to be cultivated, 
disciplined, and put to use. 

Now natural philosophy could not be separated from the rest of philoso- 
phy and, therefore, shared the fate of the larger whole of which it was a 
part. Like philosophy generally, it received mixed reviews from the intel- 
lectual leaders of the early church, ranging from mistrust and dislike to 
appreciation and enthusiasm—the same spectrum of opinion as we find in 
pagan circles. Augustine, who did so much to determine medieval atti- 
tudes, admonished his readers to set their hearts on the celestial and eter- 
nal, rather than the earthly and temporal. Nonetheless, he acknowledged 


the temporal could serve the eternal by supplying knowledge about 
= ew that would contribute to the proper interpretation of Scripture and 
23 development of Christian doctrine. And in his own works, including 


a 


ROMAN AND EARLY MEDIEVAL EDUCATION 


One of the ways in which the church became a patron of learning was 
through the creation and support of schools. We have already touched 
upon education in Rome; let us look more closely at the Roman schools, 
then at the early medieval schools that replaced them.” 

Elementary education in Rome was generally a function carried on in 
the home, presided over by a parent or a tutor, who taught the child (be- 
ginning at about age seven) to read, write, and calculate. Organized pri- 
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mary schools also existed for those who needed or refer; 
education of girls ceased at this point; if a boy were ay ee pri: 
education, he would be sent at about age twelve to study Latin sonal 
and literature (especially poetry) with a grammarian, The stu sh 
ture imparted not only writing skills and a knowledge of literary 
also, through the content of the works studied, a broad cultural 
Subsequent study, at about age fifteen, called for the Skills of the rheton 
cian in a school of rhetoric. Here the student prepared for a career pas 
tics or law by mastering the theory and techniques of public speaki PA 
go beyond this level of education was to engage in advanced study te 2 
philosopher; this was possible for those of exceptional means or ambit 3 
but it was done exclusively in Greek. Natural philosophy and the mathe. 
matical sciences would receive only limited attention in these educational 
settings: they would probably put in an appearance in the teaching of the 
grammarian or rhetorician; they might figure a little more prominently in 
the teaching of the philosopher. Seldom would instruction surpass the 
level achieved in Martianus Capella’s Marriage of Philology and Mercury, 

i Roman education began as private enterprise, dependent on the ine 
tiative of parents and teachers. Schools were held in a variety of physical 
Settings, including homes, rented shops, Public buildings, and the open 
air. Eventually, a system of municipal and imperial support developed, 
which established paid positions for teachers in most of the major cities, 
Not only in Italy but also in provinces such as Spain, Gaul, and North Afia 
Paid positions were provided for grammarians and rhetoricians, and on 
Occasion for philosophers as well. At its zenith, Rome boasted an educa- 
tional system that provided an impressive measure of educational oppor- 
tunity for members of the upper class throughout the Empire, 

As the Empire declined, so did its educational program. Invasion, civil 
disorder, and economic collapse brought deterioration of the conditions 
that had favored schools and education, Particularly critical were the loss 
of urban vitality and decline in the size, affluence, and influence of the 
upper classes from which the schools had always drawn their support. Dis- 
interest and neglect by the Germanic tribes that overran the Empire in the 
fourth and fifth centuries were significant contributing factors, However, 
deterioration was gradual rather than precipitous, particularly in regions 
bordering the Mediterranean, Roman Britain and northern Gaul quickly 
lost contact with the classical tradition, but schools and intellectual life 
continued to exist (if not to thrive) in Rome, northern Italy, southern Gaul, 
Spain, and North Africa, ; 

The relationship of Christianity to the demise of classical education is an 


forms, 
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ely difficult and complex problem. As we have seen, there were 
“ders of the church who were profoundly worried about the pagan con- 
rof dässical education and who denounced the schools as a threat. The 
sejrure studied in the schools was frequently polytheistic and, by Chris- 
a wn siandards, immoral; it certainly did not have the edifying qualities of, 
ean the Psalms or Jesus’ sermon on the mount. We might, therefore, expect 
he church to have moved quickly to establish an alternative, Christian 
“gucational system; or if it did not, then when Christianity became the state 
s on we would expect the pagan schools to have been radically trans- 
‘formed into Christian institutions. However, neither event occurred. The 
fact is that the majority of the early church fathers valued their own classi- 
‘gah education and, while recognizing its deficiencies and dangers, could 
conceive of no viable alternative to it; consequently, instead of repudiating 
the classical culture of the schools, they endeavored to appropriate it and 
puild upon it Substantial numbers of Christians continued to send their 
children to Roman schools; and educated Christians participated in those 
-schools as teachers of grammar, rhetoric, and philosophy (much as reli- 
gious people participate in modern secular education), no doubt allowing 
their Christian beliefs and sentiments to influence the curriculum to a de- 
gree, but not departing fundamentally from the classical tradition. As for 
the clergy, they were drawn from people who had already completed 
grammatical, and perhaps rhetorical, studies; their theological and doc- 
trinal education would then take place informally, through a process of ap- 
prenticeship, or possibly in an episcopal school run by a bishop for the 
training of converts and prospective clergy. 

But participation in the schools was not the same as unqualified enthusi- 
asm and wholehearted support. The church remained deeply ambiva- 
lent and divided on the value and appropriateness of classical education 
and, though willing to use the schools, was not likely to go out of its way to 
save them from the various forces pushing them towards extinction— 
especially if an acceptable alternative should present itself. Such an alter- 
native emerged in the fifth century as a byproduct of monasticism. 

Christian monasticism appeared in the West during the fourth century. 
Monasteries spread rapidly, providing retreats for Christians who wished 
© withdraw from the world in the pursuit of holiness. In the sixth century 
St. Benedict (d. ca. 550) established a monastery at Monte Cassino, to the 
south of Rome, and drew up rules governing the lives of the monks who 
settled there—rules that came to be widely adopted within Western mo- 
nasticism. The Benedictine Rule dictated all aspects of the life of the monk 
and nun, obliging them to devote the major share of their waking hours to 
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nA contemplation, and manual labor. Worship included reading the 
and devotional literature, and that required literacy. The Benedictine 
ako mandated books, tablets, and writing implements for all monks 

„Since monasteries accepted young children (committed by their 
s to the monastic life), the monastery was obliged to teach them to 
though in the early centuries of monasticism this rarely, if ever, oc- 
in a formal monastery school. Monasteries also developed libraries 
nd scriptoria (rooms where books needed by the monastic community 
produced by copyists).” 
jally the education that occurred within the monastery was intended 
ly to meet the internal needs of the monastic community. It was di- 
by the abbot or abbess or an educated monk or nun, and it was 
ed to provide the literacy required for the religious life and thus, 
glamately, to promote spirituality. It has often been claimed that as the 
classical schools disappeared, monasteries felt growing pressure from the 
gal gentry and nobility to provide education for their young—that is, for 
children who were not destined to become monks or nuns—and that 
~ monasteries established “external schools” for this purpose. In fact, there 

js tio evidence before the ninth century for the existence of external 
A “schools in the monasteries; and thereafter the practice seems to have been 
‘exteedingly rare, IF we find men with a monastic education performing 
administrative functions in church and state, this is not because monas- 
teries set Out to educate the lay public through external schools; it is be- 
cause lay students were sometimes admitted to the internal monastic 
schools, but more especially because the monasteries contained a pool of 
falent (educated for monastic purposes) that could be tapped for service 
outside the monastery.” 

There is dispute among historians about the degree to which classical 
learning entered the monasteries—dispute deriving, perhaps, from differ- 
ences between monasteries or between medieval writers who addressed 
the subject of monastic learning. What seems clear is that the stress was on 
spiritual development and whatever was thought to contribute to that. The 
Bible was the central core of the educational program; biblical commen- 
taries and devotional writings supplemented the biblical text. Classical 
pagan literature, widely judged to be irrelevant or dangerous, was not 
prominent. But there were many exceptions; indeed, we often find the use 
of pagan sources by the very people who were denouncing them. Au- 
gustine’s admonition for Christians to borrow what is true and useful from 


he [oh monk in his study. Florence, Biblioteca Medicea Laurenziana, Codex Amiatinus 
Ri pagan literature seems often to have been heeded, and an examination of 


writings emanating from the monasteries reveals a surprisingly extensive, 
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if selective, knowledge of ancient sources. The mathematical arts of ye 
quadrivium were rarely pursued beyond the most elementary leve! i: 
there were exceptions to this generalization. 

A good illustration of the penetration of classical learning into the 
asteries is to be found in Ireland from the sixth century onward (a 
stance for which we have no adequate historical explanation), Here 
find significant attention given to the classical pagan authors, Some G 
was known, and the mathematical arts of the quadrivium (Particularly 
applied to the calendar) were well developed.” 

Another impressive exception to the monastic apathy toward lassi 
education was the monastery of Vivarium, founded by a member of th, f 
Roman senatorial class, Cassiodorus (ca. 480-ca. 575), upon his Tetite 


ment from public life. Cassiodorus established a scriptorium in his mona 
tery, arranged for the translation of Greek works into Latin, and ma if 


study an essential part of the routine of his monks. He also wrote a hand. 


book of monastic studies, in which he recommended a surprisingly, nu- " 
merous collection of pagan authors. In this handbook he briefly discussed _ 
each of the seven liberal arts. That this was more than lip service is te 
vealed by a treatise on the calendar (still in existence) that appears to have 
been written at Vivarium during Cassiodorus's lifetime. It is clear that CK 
siodorus shared the universal monastic view that secular studies Were to 
be pursued only insofar as they served sacred purposes; where he differed 
from other leaders of the monastic movement was in his opinion of the 


range of secular studies capable of making such a contribution 


These exceptions are important, but they do nothing to overturn the 


generalization that monasteries were dedicated to spiritual pursuits, Learn- 
ing was cultivated, but only insofar as it contributed to religious ends 
Science and natural philosophy were extremely marginal to this entet- 
prise—although not entirely absent. What, then, is the significance of 
monasticism for the history of science, and why are we devoting space to it 
in this book? Was this not the “dark age” of the history of science—an age 
during which nothing of significance transpired? 

There is no question that knowledge of Greek natural philosophy and 
mathematical science had fallen off precipitously, and few original contri- 
butions to it appeared in Western Europe during the early centuries of the 
medieval period (roughly 400—1000). If we are looking for new observa- 
tional data or telling criticism of existing theory, we will find litte of it 
here. Creativity was not lacking, but it was directed toward other tasks— 
survival, the pursuit of religious values in a barbaric and inhospitable 
world, and even (on occasion) exploration of the extent to which knowl- 
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Fig 7.7. A medieval scribe. Oxford, Bodleian Library, MS Bodley 602, fol. 36r (13th c.). 


edge about nature was applicable to biblical studies and the religious life, 
The contribution of the religious culture of the early Middle Ages to the 
scientific movement was thus one of preservation and transmission. The 
monasteries served as the transmitters of literacy and a thin version of 
the classical tradition (including science or natural philosophy) through a 
period when literacy and scholarship were severely threatened. Without 
them, Western Europe would not have had more science, but Less. 
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TWO EARLY MEDIEVAL NATURAL PHILOSOPHERS 


It may be worthwhile to conclude with a couple of illustrations Of the catly 
medieval contribution to science or natural philosophy—more spere 
cally, to call attention to two men whose names have become s 


with early medieval natural philosophy and the medieval Worldview, 


Isidore of Seville (ca, 560-636) was raised in Spain, then under Visp 


gothic rule, and educated by his older brother (perhaps in a MONASTIC gp. 
an episcopal school), before succeeding his brother as archbishop of 
Seville in 600. He was the outstanding scholar of the late sixth and early. 
seventh centuries and illustrates the relatively high level of learning and 
culture available (but certainly not common) in Visigothic Spain during his 
lifetime. Isidore’s works range widely over biblical studies, theology, fit 
urgy, and history. He wrote two books of special interest to the historian of 
science: On the Nature of Things and Etymologies. These works, based On, 
both pagan and Christian sources (including Lucretius, Martianus Capella, 
and Cassiodorus), communicate brief, superficial version of Greek naty- 
ral philosophy. The Etymologies, which exists in more than a thousand 
manuscripts (one of the most popular books of the entire Middle Ages), 
offers an encyclopedic account of things by way of an etymological analysis 
of their names. It covers the seven liberal arts, medicine, law, timekeeping 
and the calendar, theology, anthropology (including monstrous races), ge 
ography, cosmology, mineralogy, and agriculture. Isidore’s cosmos is RCO 
centric, composed of the four elements. He believes in a spherical earth 
and reveals an elementary understanding of the planetary motions, He 
gives an account of the zones of the celestial sphere, the seasons, the 
nature and size of the sun and moon, and the cause of eclipses, One of 
the notable features of his natural philosophy is his vigorous attack on 
astrology.” 

If there is a certain vagueness regarding Isidore’s intellectual formation, 
that of the Venerable Bede (d. 735) is known in considerably greater detail. 
At the age of seven, Bede entered the monastery of Wearmouth in North- 
umbria (northeastern England, near modern Newcastle) and there spent 
the remainder of his life studying and teaching, first as a student in the 
monastic school and eventually as a monastic schoolmaster. The monas: 
teries of Northumbria were the direct offspring of Irish monasticism and 
thus inherited the Irish concern for quadrivial studies and the classics, but 
they were also in touch with the best of contemporary Continental scholar- 
ship. Bede, doubtless the most accomplished scholar of the eighth century, 
wrote on the whole range of monastic concerns, including a series of text- 


YOON YMG 


Roman and Early Medieval Science 159 


for monks. He is best known for his Ecclesiastical History of the 
people. He also wrote a book, On the Nature of Things (based 
ly on Pliny and Isidore), and two textbooks on timekeeping and 
ndar. In the latter, designed to regulate the daily routine of the 
and teach them how to determine the religious calendar, Bede 


— mor the most of the limited astronomical knowledge at his disposal and 


treatises on calendrics, to lay a solid foundation for what came 
be called the science of “computus,” establishing principles of time- 
keeping and calendar control that were eventually adopted throughout 


Christendom.” 


Isidore and Bede are fitting representatives of the tradition of popu- 
larization and preservation that we have been tracing in this chapter— 
men who struggled to preserve the remnants of classical learning and pass 
them on, in usable form, to the Christian world of the Middle Ages. But is 
this tradition worthy of the attention we have given it? Does it merit a chap- 
ter in a'book on the history of early science? If the history of science were 
simply the chronicle of great scientific discoveries or monumental scien- 
tific thoughts, Isidore and Bede would have no place in it; no scientific 
principles circulate today under their names. However, if the history of sci- 
ence is the investigation of the historical currents that converged to bring 
us to the present scientific moment—the strands that must be grasped if 
‘we are to understand where we came from and how we got here—then 
the enterprise in which Isidore and Bede were engaged is an important 
part of the story. Neither Isidore nor Bede was a creator of new scientific 
knowledge, but both restated existing scientific knowledge in an age when 
the study of nature was a marginal activity. They provided continuity 
through a dangerous and difficult period; in so doing, they powerfully 
influenced for centuries what Europeans knew about nature and how Eu- 
topeans thought about nature. Such an achievement may lack the drama 
of, say, discovering the law of gravitation or devising the theory of natural 
selection, but to affect the subsequent course of European history is no 
mean contribution. 


EIGHT 
Science in Islam 


LEARNING AND SCIENCE IN BYZANTIUM 


While the classical tradition was slowly declining in the Latin West, and 
natural philosophy was being transformed into the handmaiden of theology 
and religion, what was happening in the Greek-speaking East? Although the 
East experienced many of the same misfortunes as the West— invasion, eco- 
nomic decline, and social upheaval—the consequences were less severe. 
Ahigher level of political stability was maintained, as the eastern half of the 
old Roman Empire gradually separated itself from the West, giving rise to 
what we now call Byzantium or the Byzantine Empire, with its capital in 
Constantinople (present-day Istanbul). That the city of Constantinople did 
not fall to invaders before 1203, while Rome was sacked as early as the fifth 
century, tells us something about the relative levels of stability. Greater so- 
cial and political stability meant greater continuity in the schools; the tradi- 
tion of classical studies thus waned more slowly in Byzantium and never 
entirely disappeared; and, of course, the East never found itself separated 
from the original sources of Greek scholarship by a linguistic barrier.’ 
But it does not follow that natural philosophy and mathematical science 
flourished. The study of nature was as impractical in the East as it was in 
the West; the fathers of the Greek church had the same ambivalence to- 
ward it as did their Western counterparts, and shared the same determina- 
tion to subordinate it to theology and the religious life. Scholarly interests 
in the East were generally theological or literary. Authors felt obliged to 
limit themselves to the structure and vocabulary of the classical period; 
this led to imitative tendencies that (it is often claimed) stifled creativity. 
Insofar as philosophical labors were undertaken, they tended toward com- 
mentary on the classical authors; such commentary inevitably included a 
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small amount of natural philosophy, mathematical science, and medich 

These are sweeping generalizations, of course, and we must be a 
not to leave the impression that scholarly achievement was absent or lime 
ited, The Platonic tradition (more accurately called the "Neoplaronie tra 
dition,” since it departed from Plato on many important matters) was 
represented by a series of distinguished scholars. Although there was no 
longer a living peripatetic tradition, there were attempts to assimilate Aris 
totelian to Platonic philosophy; and certain philosophers of the Byzantine 
period wrote important commentaries on Aristotle, in which they ex- 
plained, embellished, or criticized his philosophy of nature, addressi 
the Aristotelian texts with a level of sophistication unmatched by any Latin- 
speaking contemporary. 

Themistius (d. ca. 385), who taught philosophy in Constantinople ang 
served as tutor to the imperial offspring, wrote influential paraphrases and 


summaries of a variety of Aristotelian works, including the Physics, On the 


Heavens, and On the Soul. Simplicius (d. after 533), an Athenian Neg. 
platonist determined to reconcile Platonism and Aristotelianism, wrote in- 
telligent commentaries on these same three works. And John Philoponuy 
(d. ca. 570), a Christian Neoplatonist who taught in Alexandria, wrote com- 
mentaries on Aristotle's Physics, Meteorology, On Generation and Corrup- 
tion, and On the Soul. In these commentaries he attempted, in conscious 
Opposition to Simplicius, to demonstrate the profound errors propagated 
by Aristotle, including the celestial-terrestrial dichotomy and the notion of 
an eternal universe. He also offered a systematic and original refutation of 
Aristotle’s theory of motion, denying Aristotle's explanation of projectile 
motion and the claim that heavy bodies fall through a medium with speeds 
proportional to their weights. Through the eventual translation of thelr 
works into Arabic and Latin, all three men—Themistius, Simplicius, and 
Philoponus—helped to determine the subsequent course of Aristotelian 
natural philosophy? 

The argument, then, is that Byzantine intellectual life was in decline, like 
that in the West, but less precipitously; and we can find examples of sophis- 
ticated scholarship within the Byzantine Empire that cannot be matched 
anywhere in the Latin-speaking world. But this was not the only difference. 
The East also participated in a critically important process of cultural diffu- 
sion by which Greek learning was transmitted to far-flung regions of Asia 
and North Africa, where it would subsequently be assimilated by non- 
Greeks. This process of diffusion and assimilation is the real subject of the 
present chapter. 
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THE EASTWARD DIFFUSION OF GREEK SCIENCE 


houghi Greek influence had long extended beyond the Greek home- 
bnd, cultura! difusion as a conscious policy began with the military 
~ ampaigns of Alexander the Great.? When Alexander conquered Asia and 
North ‘Africa (334-323 ».c.}, he not only acquired territory but also estab- 
lished beachheads of Greek civilization. His campaigns took him as far 
south as Egypt, as far east as Bactria (in Central Asia near the present-day 
SovietAfghan border) and beyond the Indus River into the northwestern 
“gorner of India (see map 2). Behind him he left garrisons and a batch of 
cities named Alexandria (at least eleven); successful efforts at colonization 
‘enlarged the Greek presence, and in the long run these Greek cities be- 
game centers of Greek culture, from which Hellenism could emanate into 
the surrounding regions. The most notable centers of Greek culture thus 
established were Alexandria in Egypt and the Kingdom of Bactria in Cen- 
tril Asia. 

But conquest and colonization were not the only mechanisms of diffu- 
sion, Religion also played a decisive role in the spread of Greek learning. 
Many of the details are obscure, but for our purposes a sketch may be suffi- 
cient In the millennium after Alexander's conquests, his Asian territories 
(especially, present-day Syria, Iraq, and Iran) proved to be fertile ground 
for a variety of major religious movements. At one time or another 
Zoroastrianism, Christianity, and Manicheism contended with each other 
for converts; all three were based on sacred books and thus, of necessity, 
cultivated at least a measure of learning. Christianity and Manicheism, in 
particular, had acquired Greek philosophical underpinnings and thus con- 
tributed to the Hellenization of the region. Let us concentrate our attention 
for a moment on the Christian contribution. 

There was a strong Christian presence in Syria from the beginning; and 
in the first few centuries of the Christian era missionary activity led to the 
establishment of Christian churches through a wide region of western 
Asia. In the fifth and sixth centuries, reinforcements arrived in the form of 
dissident Christian sects seeking refuge from persecution. The Christian- 
ization of the Byzantine Empire in the fourth century had led to a series of 
bitter theological disputes and rifts within the Byzantine church. The most 
critical of the disputes for our purposes concerned Christ's nature—specifi- 
cally, the relationship between Christ’s humanity and divinity. The extreme 
positions—that of the Nestorians, who emphasized Christ's humanity over 
his divinity, and that of the Monophysites, who leaned in the other direc- 
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tion—were condemned in church councils held in 431 and 4514 During the 
ensuing conflict, Nestorian leaders established themselves in the schoo} ay 
Edessa in Syria (then the eastern limit of the Byzantine Empire). Stry le 
with the Monophysites (who were strong in Syria) and the eventual closi 
of the school by order of the emperor in 489 caused the Nestoriang to Ste 
refuge in the city of Nisibis, to the east, just over the Persian border, There 
with the encouragement of the local bishop, they created a center af Neg. 
torian higher education. Biblical studies and theology were the focus of 
attention, of course, but Aristotelian logic (one of the necessities of serious 
theology) was also taught, along with other aspects of Greek philosophy. 
Nisibis may also have developed a program of medical instruction, 

From this foothold in Persia, the Nestorians managed, in the nex, cen: 
tury, not only to shape Persian Christianity, but also to exercise a broad 
influence on Persian intellectual life. By steps that we only dimly under- 
stand, Nestorians managed to insinuate themselves into positions of power 
and influence and to impart a taste for Greek culture in the Persian tuling 
class. We see the results in the invitation issued by the Persian king 
Khusraw I about 531, to the philosophers from the Academy in Athens (ex. 
pelled by a decree of the Byzantine Emperor Justinian), to settle in Persia. 
This same Khusraw is reputed to have been knowledgeable in Platonieatid 
Aristotelian philosophy and to have had Greek philosophical works trans. 
lated for his use; Nestorian connections are revealed in his treatment bra 
Nestorian physician. Khusraw II (590-628) had two Christian wives—one 
of them, at least, a Nestorian before her conversion to Monophysitism— 
and an influential physician-advisor who also vacillated between the Nes- 
torian and Monophysite sects.‘ 

An influential mythology has developed around Nestorian activity in the 
city ofJundishapur in southwestern Persia. According to the often-repeated. 
legend, the Nestorians turned Jundishapur into a major intellectual center 
by the sixth century, establishing what some have chosen to call a univer- 
sity, where instruction in all of the Greek disciplines could be obtained, 
There is alleged to have been a medical school, with a curriculum based 
on Alexandrian textbooks, and a hospital modeled on those that had devel- 
oped within the Byzantine Empire, which kept the realm supplied with 
physicians trained in Greek medicine. Moreover, Jundishapur is held to 
have played a critical role in the translation of Greek scholarship into Neat 
Eastern languages and, indeed, to have been the single most important 
channel by which Greek science passed to the Arabs.° 
Recent research has revealed a considerably less dramatic reality. There 
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k. rsuasive evidence for the existence of a medical school or a hospi- 

al at Jundishapur, although there seems to have been a theological school 

z aps an attached infirmary. No doubt Jundishapur was the scene of 
serious intellectual endeavor and a certain amount of medical practice—it 
furnished several physicians for the Islamic court at Baghdad in the eighth 
century— but it is doubtful that it ever became a major center of medical 
education or of translating activity. If the story of Jundishapur is unreliable 
in its details, the lesson it was meant to teach is nonetheless a valid one. 
Nestorian influence, though not focused on Jundishapur, did play a vital 
qule in the transmission of Greek learning to Persia and ultimately to the 
Arabs. There is no question that Nestorians were foremost among the early 
translators; and as late as the ninth century, long after Persia had fallen to 
islamic armies, the practice of medicine in Baghdad seems to have been 
monopolized by Christian (probably Nestorian) physicians.” 

But there is a linguistic shift here, which we must also take into account. 
Although the content of the education available in Nisibis, Jundishapur, 
and other Nestorian centers was predominantly Greek, the language of in- 
struction was not. Teaching was in Syriac, a Semitic tongue (a dialect of 
Aramaic) widespread in the Near East; this, along with Greek, was the lan- 
guage of culture in Persia, and it was adopted by the Nestorians as their 
literary and liturgical language. The teaching program, then, required the 
translation of Greek texts into Syriac. Such translations were made at 
Nisibis and other locations, beginning as early as 450. Again we are short 
6n detail, but logical works by Aristotle and Porphyry appear to have been 
among the earliest translated. Medical literature, works on mathematics 
and astronomy, and various philosophical treatises were eventually ren- 
dered as well. 

Several points merit special emphasis. First, let us be clear that this is a 
Story about the éransmission of learning. Our subject (in the early sections 
of this chapter) is not original contributions to natural philosophy, but the 
preservation and eastward diffusion of the Greek heritage into Asia, where 
it would subsequently be absorbed into Islamic culture. Second, this pro- 
cess of cultural diffusion was quite slow, but also of very long duration— 
occupying a period of nearly a thousand years, from the Asian conquests of 
Alexander the Great (about 325 s.c.) to the founding of Islam in the sev- 
énth century a.D. Third, the story must not be oversimplified to the point 
where the diffusion of Greek learning is viewed as hanging on the slender 
thread of Nestorian activity in the city of Jundishapur or any other specific 
location. Rather, we must see this as a wide movement of cultural diffusion, 
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whereby the aristocracies of western Asia assimilated broadly and de i 
and by a variety of mechanisms, the fruits of Greek culture. We mugi i 
consider the further transmission of those fruits to Islam. 


THE BIRTH, EXPANSION, AND HELLENIZATION OF ISLAM 


The Arabian peninsula, wedged between Persia to the north and east 
Egypt to the west, had been untouched by Alexander's military cam 
and not much affected by Byzantine territorial ambitions. Jewish ang Chris: 
tian communities had flourished for a time in the south, but by the seventh 
century their influence had diminished to a modest level. Except on the 
southern and northern edges, the population was largely nomadic, a} 
though cities had been established around pilgrimage sites and along the 
major trading routes. It was in one of these cities, Mecca, that Muhammad 
was born late in the sixth century and from which he preached the new 
religion of Islam. Muhammad had a series of revelations in which the 
Koran (or Quran, the holy book of Islam) was dictated to him by the ange} 
Gabriel. The central theme of these revelations was the existence of a 
single omnipotent, omniscient god, Allah, creator of the universe, to 
whom the faithful (called “Muslims” or “Moslems”) must submit. This 
book came to define all aspects of Islamic faith and practice; it wag the 
source of Islamic theology, morality, law, and cosmology, and thus the cen- 
terpiece of Islamic education; it served to codify Arabic as a written lan- 
guage, and it remains the principal model for Arabic literary style? 

Muhammad both practiced and taught the necessity of holy war und 

compulsory conversion. Before his death in 632, his band of followers had 
overrun the Arabian peninsula and conducted successful raids to the 
north; after his death Muslim forces emerged from their homeland and 
rapidly put both Byzantine and Persian armies to flight, thus gaining con- 
trol of major portions of the Near East. In twenty-five years of stunning 
military success, Islam subjugated almost the whole of Alexander's Asian 
and North African possessions, including Syria, Palestine, Persia, and Egypt. 
Within a century, the remainder of North Africa and almost the whole of 
Spain fell to Muslim arms. 

Muhammad left no male heir or designated successor; consequently 
leadership of the developing Islamic Empire became a matter of bloody 
dispute. The first caliphs (“successors” of Muhammad) were chosen from 
Muhammad's early followers. In 644 ‘Uthman of the Umayyad family be- 
came caliph, and in 661 his cousin Mu‘awiyah, who had been governor of 
Syria, In the interests of security, Mu‘awiyah and his successors ruled from 
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Damascus in Syria, where Umayyad strength was concentrated, Here the 
Umayyad dynasty, which held power for about a century, came into Contag, 
with educated Syrians and Persians, whom it used as secretaries and by. 
reaucrats; and thus on a small scale began the Hellenization of Islam 

The process of Hellenization accelerated after 749. In that year a new 
dynasty, the ‘Abbasids (descended from Muhammad's uncle, alSAbbasy 
came to power. The ‘Abbasid caliphs had no intention of remaining ta 
Damascus: like the Umayyads a century earlier, they wanted their capital 
situated in friendly territory. In 762, al-Manstir (754-75) built a new capi- 
tal, the city of Baghdad, on the Tigris River. Al-Mansir's court in Baghdyd 
was not famous for piety but cultivated a religious climate that was reli. 
tively intellectual, secularized, and tolerant. More importantly, the Islamic 
Empire was being transformed from a warrior aristocracy into a central- 
ized state, which called for a much more substantial administrative bureay. 
cracy than anything Muhammad, his immediate successors, or the Catly 
Umayyads could have imagined. The staffing of this bureaucracy could 
hardly be accomplished from among the warriors who made up the can. 
quering armies, and the caliphs had no reasonable alternative but to make 
use of educated Persians (generally recent converts to Islam, though the 
use of Christians was not unknown). 

The Persian influence is especially apparent in the powerful royal iid- 
visors from the Barmak family—formerly from the province of Bactria and 
recent converts to Islam. Khalid ibn Barmak served al-Mansir; and his son 
Yahya became vizier (chief advisor and tutor of the caliph’s heirs) under 
al-Mansir’s grandson, Hardin ar-Rashid (786—809). The Christian influence 
is most clearly evident in the practice of medicine at court. In 765, al-Mansir 
was treated by a Nestorian physician from Jundishapur, Jarjis ibn Bakhrishut, 
Jūrjīs was apparently successful, for he remained in Bagdad as the caliph’s 
personal physician, becoming a powerful court figure; his son succeeded 
him, and for several generations the Bakhtishu‘ family held the post of 
court physician. Finally, it is important to note that there were also influ 
ences emanating from India in the east; some of these were the long-term 
result of the earlier Hellenization of India. 


TRANSLATION OF GREEK SCIENCE INTO ARABIC 


The translation of Greek and Syriac works into Arabic began under 
al-Mansiir, but became serious business under Hariin ar-Rashid, who sent 
agents to Byzantium in search of manuscripts. Al-Ma’mtn (813-833), 
Hardin's son, founded a research institute, the House of Wisdom, iñ 
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and here translation reached its peak. At the head of the House 
i; isdom was Hunayn ibn Ishaq (808-73)—a Nestorian Christian and an 
: descended from an Arab tribe that had converted to Christianity long 
© ore the religion of Islam existed. Hunayn, who studied medicine with 
ihe distinguished physician Ibn Masawaih, was bilingual from childhood in 
‘arabic and Syriac; as a young man he went to the "land of the Greeks” 
ips Alexandria), where he acquired a thorough mastery of Greek. 
Returning t Baghdad, he attracted the notice of a member of the 
pakhrishu® family and a set of wealthy brothers (the “sons of Misa”), and 
through these patrons he was introduced to al-Ma’miin. At some point Hu- 
navn accompanied an expedition to Byzantium, in search of manuscripts. 
He served as translator under several caliphs and finished his career as 
chief royal physician, replacing one of the Bakhtishu‘? 

Hunayn’s translating activity is of such critical importance as to deserve 
ur careful attention. Hunayn was assisted by his son Ishaq ibn Hunayn, his 
nephew Hubaysh, and others. Many of their translations were collaborative 
efforts. For example, Hunayn might translate a work from Greek to Syriac, 
whereafter his nephew would render the Syriac text into Arabic. Hunayn’s 
son Ish4q translated from both Greek and Syriac into Arabic, as well as 
revising the translations of his colleagues. And Hunayn, besides producing 
his own translations from Greek to Syriac or Arabic, seems to have insisted 
on checking the translations of his charges. Hunayn and his co-workers 
were extremely sophisticated in their methods. They understood the need 
to compare manuscripts whenever possible, in order to weed out errors. 
And instead of following the common translating practice of mechanical 
word-for-word substitution (which suffers from the severe disadvantage 
that not every Greek word has a counterpart in Arabic or Syriac, while fail- 
ing also to take into account syntactical differences between the lan- 
guages), Hunayn grasped the meaning of a sentence in the original Greek 
find rendered it by a sentence of equivalent meaning in Arabic or Syriac. 

‘The bulk of Hunayn’s translations were medical, with special emphasis on 
Galen and Hippocrates, He rendered about ninety of Galen's works from 
Greek to Syriac and about forty from Greek to Arabic. He translated some 
fifteen Hippocratic works. Hunayn also translated (or corrected) three of 
Plato's dialogues, including the Timaeus; translated various Aristotelian 
Works (in most cases from Greek to Syriac), including the Metaphysics,On 
the Soul, On Generation and Corruption, and part of the Physics; rendered 
a variety of other works on logic, mathematics, and astrology; and 
Ptoduced a Syriac version of the Old Testament. Hunayn’s son Ishaq trans- 
lated more Aristotle, as well as Euclid’s Elements and Ptolemy's Almagest. 
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Fig. 8.1. Hunayn ibn Ishaq on the anatomy of the eye, from a thirteenth-century copy at 
Hunayn’s Book of the Ten Treatises of the Eye, Cairo, National Library. 


Their co-workers in Baghdad and their contemporaries elsewhere added 
to these translations; for example, Thabit ibn Qurra (836-901), a trilingual 
pagan (that is, neither a Christian nor a Muslim) who spent most of his 
career in Baghdad, translated mathematical and astronomical treatises, in: 
cluding works of Archimedes. Translation activity continued at a high level 
for more than a century after Hunayn and Thabit. By the year 1000 ap, 
almost the entire corpus of Greek medicine, natural philosophy, and 
mathematical science had been rendered into usable Arabic versions. 


THE ISLAMIC RESPONSE TO GREEK SCIENCE 


But the question arises: usable for what? What did members of the Muslim 
ruling caste see in Greek science that made them willing to pay for transla 
tions and support scholarship in Greek scientific disciplines? How were 
the translated works received by these patrons and by literate Muslims 
more generally? What functions did Greek science serve in the Islamic 
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and how well did it blend with other aspects of Islamic culture? In 
lar, was there a religious price that had to be paid for the accep- 
of Greek science? 
how in general what was translated, and in many cases we know 
a to thank. But rarely do we have any exact knowledge of the motiva- 
that lay behind a particular translation. One factor that must have 
almost universal is that the patrons of translation were literate, or 
tò literacy, or at least wished to be associated with literacy (if only 
the prestige it bestowed); they were people who wished to participate, 
one way or another, in the most advanced intellectual culture available. 
an explanation in terms of the cultural level of the patrons and recipi- 
seems insufficient. These cultured Muslims were willing to invest in 
science because they believed (rightly or wrongly) that it had 
e—that it contributed to the achievement of some worthwhile end. 
‘The pursuit of knowledge for its own sake was never endorsed by Islamic 
religious ideology, nor by any other thread in the cultural fabric. As in me- 
dieval Christendom, science was justified by virtue of its utility.” 

Medicine is a science of apparent utility, and it may well be medicine 
that first attracted Muslim patronage; certainly medical translations were 
among, the earliest. Medicine, in turn, called for philosophical equip- 
ment—or s0 the reader of Galen’s works would gather. Indeed, Galen 
himself had written on logic and used natural philosophy in his medical 
Writings; and it must have been clear to the translators and their patrons 
that a full grasp of Galen's medical philosophy demanded a broad knowl- 
edge of Greek thought, including Platonic and Aristotelian philosophy.” 
The utility of astronomy, astrology, mathematics, alchemy, and a certain 
amount of natural history must also have been evident. And finally, in Is- 
Jam there were successful attempts to create a scholastic theology, imbued 
with Greek logic and metaphysics. It would appear, then, that the transla- 
tion of almost any Greek medical, mathematical, or philosophical work 
could (with only a little stretching) be justified on utilitarian grounds: 
some were of critical importance; the rest must have seemed at least 
vaguely useful. 

There was no necessary connection between the translation of a book 
lato Arabic and its wide dissemination in Islam or the assimilation of its 
contents into Islamic culture. After all, translation requires only a translator 
and perhaps a patron, while dissemination and assimilation are broad 
cultural phenomena. Once the linguistic barrier had been surmounted 
through translation, formidable obstacles remained. One of them was the 
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ng question of utility, which could not be answered for a culture, as 
for a patron, with a wave of the hand. To the strict Muslim, knowl- 
was always a means rather than an end, subordinated to the achieve- 
of personal salvation, the acquisition of wisdom (defined in religious 
), the government of the Islamic commonwealth, or some other 
y practical purpose. 

‘Another obstacle that Greek science had to overcome was its foreign 
" grizin and its cational character. Muslims themselves divided learning into 
wo categories: traditional, on the one hand; foreign or rational, on the 
“other. The traditional disciplines were those based on the Koran: gram- 
ar, poetry, history, theology, and law. These rested on divine authority 
and were often taught orally (reflecting the oral nature of Muhammad's 
‘revelations and his own teaching); the obligation of the practitioner of 
j disciplines was completeness and fidelity of transmission. By con- 
trust, the foreign disciplines obtained from the Greeks were of human 
rather than divine origin; they were to be apprehended by reason, rather 
than accepted on the basis of authority or tradition; their transmission was 
primarily by means of the written word, and they were subject to critical 
commentary and correction. Any attempt to apply the methodology of the 
foreign sciences to the traditional disciplines would run obvious risks; and 
it was inevitable, therefore, that the foreign sciences should be seen as a 
threat by people of conservative bent. 

What, then, was the fate of the foreign sciences in Islam? No simple an- 
Swer, applicable to all times and places, is possible. Indeed, the historical 
Situation was so complex that historians who specialize on Islam cannot 
agree on how to characterize it. Two quite different interpretations are 
currently in circulation. According to one of them, the foreign sciences 
hever ceased to be viewed by the great majority of Muslims as useless, 
alien, and perhaps dangerous. They went against the grain of orthodox 
thought, met no fundamental need, and were excluded from the develop- 
ing educational system. As a result, the foreign sciences were never deeply 
lategrated into Islamic culture, but survived on the margins. The undeni- 
ably great achievements of Islamic scientists and natural philosophers, 
therefore, must have emanated from isolated enclaves of scholars pro- 
tected from the pressures of orthodoxy (as at a royal court during a period 
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| of unusual tolerance) or willing, for reasons known only to themselves, to 
swim against the cultural stream. This has been called the “marginality the- 
sis,” because of its claim that science in Islam was never more than a mar- 


ginal pursuit.” 
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The alternative theory views the Islamic encounter with Greek | 
in a quite different light. While acknowledging that suspicion and hostili 
existed, this theory maintains that on the whole Greek science and natural 
philosophy enjoyed a reasonably hospitable reception in Islam, After all 
Islam did not reject the fruits of foreign learning but, despite conservan 
opposition, undertook a remarkable program of recovery and cultivation, 
Moreover, one can point to many examples of the integration of Greek: 
disciplines into traditional learning and Islamic culture more generally, 
Thus logic became incorporated into theology and law; astronomy became 
an indispensable tool for the muwagqit, who was responsible for deter 
mining the times of daily prayer in his locale; and mathematics became. 
essential for a wide variety of commercial, legal, and governmental pur- 
poses. That mathematics and astronomy were occasionally taught in the 
most highly developed of the Muslim schools, the madrasahs or colleges 
of law, testifies to the high level of acceptance and integration. According 
to this interpretation, Islam successfully appropriated large portions of 
foreign learning, despite opposition; let us call this the "appropriation 
thesis.” On this view, the foreign sciences did not conquer the traditional 
disciplines, but made peace with them by agreeing to serve as their hand. 
maidens.” 

The gap between these two interpretations is substantial; and, given the 
current state of research on the history of Islamic science, the dispute does 
not seem likely to be soon resolved. But several things can be said, which 
may help to mediate between the two positions. First, we must acknowl- 
edge that the marginality thesis in its strong form is untenable. The cultiva- 
tion of Greek natural philosophy and mathematical science was far t00 
widespread and successful to be viewed as a marginal product of Islamic 
culture, But while granting this to the “appropriationists,” we must go On 
10 point out that science was far from central to Islamic culture and that 
there were forces within Islam tending to marginalize the foreign sci- 
ences—which is to say that the “marginalists” have their eye on some 
genuine feature of Islamic culture. To be specific, Greek learning sever 
found a secure institutional home in Islam, as it was eventually to do in the 
universities of medieval Christendom. One reason why this was so, ig that 
Islamic schools lacked the structure and uniformity of those in the West, 
particularly at the higher levels." This lack of structure offered freedom 10 
the individual scholar to pursue whatever specialty he wished. Freedom 
insured diversity and created room for the practitioner of Greek philos- 
phy and science; but it also insured that Islamic schools would never de- 
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a curriculum that systematically taught the foreign sciences. In short, 
S aic education did nothing to prohibit the foreign sciences; but neither 
Fid it do much to support them. This fact may help us to understand the 
j dedine of islamic science in the thirteenth and fourteenth centuries. 


THE ISLAMIC SCIENTIFIC ACHIEVEMENT 


i Early in the twentieth century, the distinguished physicist-philosopher- 
hitòrian Pierre Duhem threw out a challenge for historians of Islamic 
3 when he wrote: “There is no Arabian {read “Islamic” science, The 
wisg men of Mohammedanism were always the more or less faithful dis- 
of the Greeks, but were themselves destitute of all originality.” ” Du- 
hem was clearly wrong, but his statement is useful nonetheless as a means 
of focusing our attention on the critical issue: by seeing precisely what is 
wrong with Duhem's claim, we stand to learn something important about 
the character of the Islamic scientific achievement. 

Itis simply not true that Muslim practitioners of Greek science were 
“destitute of all originality”; and one possible response to Duhem, there- 
fore, is to demonstrate this by enumerating the many original contribu- 
tions of Islamic physicians, mathematicians, and natural philosophers. To 
offer but a single example, the eleventh-century Muslim Ibn al-Haytham 
turned his critical powers on nearly the whole of the Greek scientific 
achievement and made contributions of the utmost importance and origi- 
nality to astronomy, mathematics, and optics. Unfortunately, to carry out 
this program of recounting Muslim contributions to the various sciences 
would require volumes, and we must be content with more modest 
goals—though we will, below and in subsequent chapters, deal with 
islamic contributions to certain specific areas of scientific discourse."* 

But Duhem’s statement offers us another point of entry into the prob- 
lem, which may lead us to the central issue. Duhem maintains that Muslim 
scholars interested in the foreign sciences “were always the more or less 
faithful disciples of the Greeks.” He says this with derogatory intent, as 
Proof that the Muslims were not genuine scientists; that is, he associates 
discipleship with an unscientific attitude (which tells us something about 
his definition of science). However, we can turn Duhem’s point around 
and argue that it was precisely by becoming the disciples of the Greeks 
that Muslims entered the Western scientific tradition and became scientists 
Or natural philosophers. Discipleship, on this view, is essential, rather than 
Antipathetic, to the scientific enterprise; and Muslims became scientists not 
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by repudiating the existing scientific tradition, but by joining it by gu 
coming disciples of the most advanced scientific tradition that had fis: 


existed. 

What does it mean to be a disciple? For would-be Muslim stie; 
meant adopting both the methodology and the content of Greek « 
By and large, Islamic science was built on a Greek foundation and 
out according to Greek architectural principles; Muslims did not atx 


to pull down the Greek edifice and begin from the ground up, but apa : 


themselves to completing the Greek project. This does not mean that 
originality and innovation were absent; it means that Muslim scientist ex 
pressed originality and innovation in the correction, extension, anicula 
tion, and application of the existing framework, rather than in the creation 
of a new one. If this seems to be a damning admission, let it be Understood 
that the great bulk of modern science consists in the correction, extension, 
and application of inherited scientific principles; a fundamental break with 
the past is approximately as exceptional today as it was in medieval Islam, 

Muslim scientists were aware of this relationship to the past. An early 
Muslim scientist, al-Kindī (d. ca. 866), who pursued the mathematical sei. 
ences under several early ‘Abbasid caliphs in Baghdad, acknowledged his 
debt to ancient predecessors and his membership in an Ongoing tradition, 
Had it not been for the ancients, al-Kindi wrote, 


it would have been impossible for us, despite all our zeal, 
during the whole of our lifetime, to assemble these principles 
of truth which form the basis of the final inferences of our 
research. The assembling of all these elements has been 
effected century by century, in past ages down to our own time. 


Al-Kindi conceived his obligation to be the completion, correction, and 
communication of this body of ancient learning. He continued: 


It is fitting then [for us] to remain faithful to the principle that 
we have followed in all our works, which is first to record in 
complete quotations all that the Ancients have said on the 
subject, secondly to complete what the Ancients have not fully 
expressed, and this according to the usage of our Arabic lan- 
guage, the customs of our age, and our own ability. 


Two hundred years later al-Birani (d. after 1050) could still judge that the 
task facing Muslim scientists was "to confine ourselves to what the ancients 
have dealt with and endeavor to perfect what can be perfected.”” 


ntisis, i 
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samic astronomy is a good illustration of the relationship between Is- 
Scand Greek science. Muslim astronomers produced a great deal of very 
phisticared astronomical work. This work was carried out largely within 
he Prolemaic framework (though we must acknowledge early Hindu in- 
i son Islamic astronomy, largely displaced by subsequent access to 
salemy sAlmagest and other Greek astronomical works). Muslim astrono- 
ers SOURHE CO articulate and correct the Ptolemaic system, improve the 
3 rement of Ptolemaic constants, compile planetary tables based on 
Y ic models, and devise instruments that could be used for the ex- 
Jension and improvement of Ptolemaic astronomy in general. 
; To give but a few examples, al-Farghani (d. after 861), an astronomer 
employed at the court of al-Ma’miin, wrote an elementary, nonmathe- 
matical textbook of Ptolemaic astronomy, which had wide circulation in 
plam and (after translation into Latin) in medieval Christendom. Thabit 
ibn Qurra (d. 901), another court astronomer in Baghdad, studied the ap- 
nt motions of the sun and moon on Ptolemaic principles; he con- 
¢juded that the precession of the equinoxes is nonuniform and devised a 
theory of variable precession (called “trepidation” ) to account for it. Al- 
Battani (d. 929) introduced mathematical improvements into Ptolemaic as- 
ttononty, studied the motion of the sun and moon, calculated new values 
for solar and lunar motions and the inclination of the ecliptic, discovered 
the movement of the line of apsides of the sun (the shifting of the sun's 
perigee, or closest approach to the earth, in the heavens), drew up a cor- 
tected star catalogue, and gave directions for the construction of astro- 
homical instruments, including a sundial and a mural quadrant. The fact 
that al-Battani was still being cited in the sixteenth and seventeenth cen- 
turies (by Copernicus and Kepler, among others) testifies to the quality of 
hisastronomical work. Finally, Islam saw a debate between defenders of 
the physically oriented concentric spheres of Aristotle and the mathemati- 
cally oriented Prolemaic system; this debate, conducted mainly in twelfth- 
tentury Spain, ended indecisively.” 

Optics is another example of distinguished scientific achievement in Is- 
lam, Here we find innovations at least as fundamental as those in astron- 
§my-—innovations, nonetheless, that grew out of the reconciliation and 
Consolidation of a variety of ancient traditions. To be specific, Ibn al- 
Haytham (d. ca. 1040), who served at the court in Cairo (where a separatist 
Muslim dynasty had established its own caliphate), followed Ptolemy's lead 
ih combining what had originally been separate Greek approaches to op- 
tical phenomena—mathematical, physical, and medical. In the case of Ibn 
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Fig, 8.4. The eyes and visual system 
according to Ibn al-Haytham, From 
a copy of al-Haytham’s Book of Op- 
tics made in 1083 a.n., Istanbul, Sü- 
leimaniye Library, MS Fatih 3212, 
vol, 1, fol, 81v. 
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al-Haytham, this synthesis produced a new theory of vision, built On the 
idea that light is transmitted from the visual object to the eye, which wag t 
prevail first in Islam and then in the West (see chap. 12, below) until Kepli 
devised the theory of the retinal image in the seventeenth century” 


THE DECLINE OF ISLAMIC SCIENCE 


The scientific movement in Islam was both distinguished ànd durable, 
Translation of Greek works into Arabic began in the second half of the 
eighth century; by end of the ninth century translation activity had cresy 
and serious scholarship was under way. From the middle of the ninth cen- 
tury until well into the thirteenth, we find impressive scientific work inal} 
the main branches of Greek science being carried forward throughout the 
Islamic world. The period of Muslim preeminence in science lasted for 
five hundred years—a longer period of time than has intervened between, 
Copernicus and ourselves. 

The scientific movement had its origins, for practical Purposes, in 
Baghdad under the ‘Abbasids, though there came to be many other Near 
Eastern centers of scientific patronage, Early in the eleventh century, Cairo, 
under the Fatimids, came to rival Baghdad. In the meantime, the foreign 
sciences had made their way to Spain, where the Umayyads, displaced in 
the Near East by the ‘Abbasids, built a magnificent court at Cordoba. Under 
Umayyad patronage, the sciences flourished in the eleventh and twelfth 
centuries. Instrumental in this development was al-Hakam (d. 976), who 
built and stocked an impressive library in Cordoba. Another large collec- 
tion of scientific books was to be found in Toledo. 

But during the thirteenth and fourteenth centuries, Islamic science went 
into decline; by the fifteenth century, little was left. How did this come 
about? Not enough research has been done to permit us to trace these de- 
velopments with confidence, or to offer a satisfactory explanation, but sev- f 
eral causal factors can be identified. First, conservative religious forces Second, a flourishing scientific enterprise requires peace, prosperity, and 
made themselves increasingly felt. Sometimes this took the form of out- patronage. All three began to disappear in late medieval Islam as a result of 
right opposition, as in the notorious burning of books on the foreign sci- continuous, disastrous warfare among factions and petty states within Islam 
ences in Cordoba late in the tenth century. More often, however, the effect and attack from without. In the West, the Christian reconquest of Spain 
was subtler—not the extinction of scientific activity, but alteration of its began to make serious, if sporadic, headway after about 1065 and continued 
character, by the imposition of a very narrow definition of utility. Or to until the entire peninsula was in Christian hands two cones later. Toledo 
reformulate the point, science became naturalized in Islam—losing its fell to Christian arms in 1085, Cordoba in 1236, and Seville in 1248, In the 
alien quality and finally becoming Istamic science, instead of Greek sci- east, the Mongols began to apply pressure on the borders of pam gany Be 
ence practiced on Islamic soil—by accepting a greatly restricted hand- the thirteenth century; in 1258 they took Baghdad, thus bringing the ‘Ab- 


maiden role. This meant a loss of attention to many problems that had basid caliphate to an end. In the face of debilitating warfare, economic fail- 
once seemed important. ure, and the resulting loss of patronage, the sciences were unable to sustain 


Fig. 8.5. Interior of the Great Mosque of Cordoba, built in the middle of the 8th century a.D. 
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themselves. In assessing this collapse, we must remember that ar an NINE 
vanced level the foreign sciences had never found 2 stable 


home in Islam, that they continued to be viewed with suspicion Ki The Revival of Learning m the West 
vative religious quarters, and that their utility (especially as advanced d 

plines) may not have seemed overpowering. Fortunately, before 

Products of Islamic science could be lost, contact was made with Chri 

dom, and the process of cultural transmission began anew, E 


THE MIDDLE AGES 


“To this point, I have employed the expression "Middle Ages” without defi- 
piyon and without specifying exact chronological limits. This may be a 
“ease where inexactness is a virtue, since historians themselves do not 
agree on what the expression means; but the time has come to be a little 
more definite. The idea of the Middle Ages (or medieval period) first arose 
in the fourteenth and fifteenth centuries among Italian humanist scholars, 
who detected a dark middle period between the bright achievements of 
antiquity and the enlightenment of their own age. This derogatory opinion 
(captured in the familiar epithet “dark ages”) has now been almost totally 
abandoned by professional historians in favor of the neutral view that takes 
“Middle Ages” simply as the name of a period in Western history, during 
which distinctive and important contributions to Western culture were 
made—contributions that deserve fair and unbiased investigation and 
appraisal, 

The chronological limits of the Middle Ages are necessarily blurred, be- 
tause medieval culture (whatever exactly we take it to be) appeared and 
disappeared gradually, and at different times in different regions. If we 
must have dates, then the Middle Ages may be taken to cover the period 
from the end of Roman civilization in the Latin West (500 is a good round 
number) to 1450, when the artistic and literary revival commonly known as 
the Renaissance was unmistakably under way. It will be convenient for our 
purposes to subdivide this period into the early Middle Ages (approxi- 
mately 500 to 1000), a transition period (1000 to 1200), and the high or late 
Middle Ages (1200 to about 1450). These are not exactly the standard sub- 
divisions (the “high” and “late” Middle ages are frequently differentiated), 
but they will serve our purposes. 
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CAROLINGIAN REFORMS 


We have observed (chap. 7) the declining fortunes of the Roman Empire jp 
the Latin West and the appearance of socioreligious Structures, such ag j 
nasticism, that we think of as characteristically medieval. Westem 
went through a process of de-urbanization; the classical schools 
rated, and leadership in the promotion of literacy and learning passed to 
monasteries, where a thin version of the classical tradition survived as the 
handmaiden of religion and theology. This is not to suggest that monasti 
education totally obliterated the alternatives. Some municipal schools Sur. 
vived, especially in Italy; palace and episcopal schools never completely 
disappeared; and some of the great households always managed to ar- 
range for private tutoring. The claim is simply that the monasteries became 
the dominant educational force. 

Did this spell the end of serious scholarship? Some, who have chosen, to 
define “scholarship” as a continuation of Greek and Roman scholarship, 
have judged so. But this seems a serious mistake. There is no question that 
scholarship declined in quantity and quality; but the notion that it disap. 
peared as a productive enterprise is an illusion fostered by failure to look 
for the right thing or to look for it in the right places. In fact, scholarship. 
continued, but in new forms and with changed focus. 

The new focus was religious or ecclesiastical: what came to occupy the 
best scholarly minds was biblical interpretation, religious history, church 
governance, and the development of Christian doctrine. Boethius (480— 
524) not only translated parts of Aristotle's logic and composed handbooks 
on the liberal arts, as we have seen; he also wrote a group of short treatises 
that addressed contemporary theological controversies. Isidore of Seville 
(ca. 560-636) wrote not only the Efmologies and On the Nature of 
Things, the encyclopedic works that contain his natural philosophy, but 
also manuals for instructing the clergy on matters of history, theology, bib- 
lical interpretation, and liturgy. Gregory of Tours (d. 595) wrote a History 
of the Franks, which documents the spread of Christianity in Frankish ter- 
titory. Gregory the Great (ca. 550-604), who became pope in 590, prò- 
duced an influential corpus of sermons, lectures, dialogues, and biblical 
commentaries. And Bede (d. 735) left us biblical commentaries, sermons, 
and hagiography (saints’ lives), along with his books on timekeeping and 
the calendar. 

There is virtually no science or natural philosophy in these religious and 
theological works, but Greek logic and metaphysics do put in an appear- 
ance. Boethius set the pattern in his determined effort to think through 
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Jems a8 divine foreknowledge and the nature of the divine trinity 
7 ithe help of Aristotelian logic and Platonic and Aristotelian metaphys- 
5 siuore attempted to explain the origin of various Christian heresies by 
aliels within the philosophical tradition. Even Gregory the Great, 
critic of pagan learning, revealed at many points the implicit 
ficit philosophical underpinnings of his theology.’ 
‘Late in the eighth century there was a burst of scholarly activity associ- 
with the court of Charlemagne (Charles the Great). In 768 Charle- 
‘ene inherited a Frankish kingdom that encompassed portions of 
j Germany and most of France, Belgium, and Holland. By the time 
or his death in 814, Charlemagne had enlarged the kingdom (which we 
as the Carolingian Empire) to include more German territory, 
Switzerland, part of Austria, and more than half of Italy—the first serious 
anempt at centralized government in Western Europe since the disap- 
of the Roman Empire (see map 5). As part of a program to 
Strengthen church and state (and at the same time to act the part of em- 
peror), Charlemagne undertook educational reforms, importing scholars 
from abroad to staf a palace school and ordering the establishment of 
monastery and cathedral schools throughout the realm. Charlemagne per- 
suaded Alcuin, headmaster of the cathedral school at York in northern 
England, to come and direct this educational enterprise. 

Alcuin (ca. 730—804), a beneficiary of the tradition of Irish scholarship 
(see chap. 7) who could trace his intellectual lineage directly back to Bede, 
created a thriving palace school, which educated the royal family and sup- 
plied the realm with educated religious and political functionaries. We 
know little about the curriculum, but it is clear that the seven liberal arts 
were included and that even astronomy was taught at some level; Alcuin 
himself wrote textbooks on the trivium. Alcuin’s pupils were appointed as 
bishops and abbots, and through his efforts and theirs the average educa- 
tional level of the clergy was raised. Around Alcuin there formed a circle of 
scholars interested in contemporary theological controversies and capable 
of contributing to them. Under his leadership books were collected, cor- 
rected, and copied—including the works of the church fathers and an 
occasional classical author. Finally, one of the most important and long- 
lasting steps taken by Charlemagne and Alcuin was the imperial edict 
mandating the establishment of cathedral and monastery schools, which 
contributed to a wider dissemination of education (directed toward the 
clergy, of course) than the Latin West had seen for several centuries and 
laid a foundation for future scholarship.” 

The benefits from these educational reforms can be seen in the careers 
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Map 5. Carolingian Empire about 814 


of two scholars, one from the ninth century and one from the tenth. John 
Scotus Eriugena (fl. 850-75), an Irishman attached to the court of Charle- 
magne’s grandson Charles the Bald, was undoubtedly the ablest scholar of Fig, 9.1. Personification of the quadrivium. From left to right: music, arithmetic, geometry. and 
the ninth century in the Latin West. Eriugena had many gifts, including a astronomy. From a ninth-century copy of Boethius’s Arithmetic, Bamberg, MS Class. 5 
keen, original mind and rare linguistic talent. He had an excellent com- (HIIV.12), fal, 9v. 

mand of Greek, probably first acquired in some Irish monastic schoo! but 

improved after his arrival on the Continent, which he put to use in the 

translation of several Greek theological treatises into Latin: first, at the rê- 


188 Chapter Nine 


quest of Charles the Bald, the works of pseudo-Dionysius (an ano: 
Christian Neoplatonist of about 500 A.D.) later, works of Several 
church fathers. Eriugena also produced original and Sophisticated 
logical treatises, in which he developed the Neoplatonism Of pse 
Dionysius and attempted a synthesis of Christian theology (with a Gr 
slant) and Neoplatonic philosophy; his On Nature, an attempt at a coi 
hensive account of created things, contains a well-articulated ¢ 
course, thoroughly Christian) natural philosophy. Finally, he wrote a 
mentary on Martianus Capella’s widely influential textbook of the 
arts, The Marriage of Philology and Mercury, presumably in 


with his teaching responsibilities, Eriugena had an immediate impact pe 
an entourage of disciples, and through them a continuing influence oan 


Western thought? 

Another beneficiary of the Carolingian educational reforms emerged 
a century later from the monastery school at Aurillac in south-central 
France. Gerbert (ca. 945-1003) enjoyed a meteoric career, explained by 
a combination of intellectual talent and political opportunism, Born in 
humble circumstances, he received an impressive education at Aurillac 
and later in northern Spain, where he studied for a period of time, He 
went from Spain to the important cathedral school at Reims in northern 
France, first as a student of logic, subsequently as headmaster, From Reims. 
he moved to northern Italy as abbot of the monastery at Bobbio, back ło 
Reims as archbishop, and back to Italy as archbishop of Ravenna. Finally, in 
999 his patron Otto IH (Saxon emperor) saw to his election as Pope Syl- 
vester II, 

It has been customary to concentrate on Gerbert’s role as one of the 
initiators of fruitful intellectual contact between Islam and Latin Christen: 
dom. But before examining that aspect of his achievement, we must note 
that he also contributed to an older tradition of scholarship—the recovery 
and dissemination of the classical liberal arts, especially Aristotelian logic 
as transmitted through Boethius and other Latin sources, At Reims Ger- 
bert lectured on various logical works of Aristotle, Cicero, Porphyry, and 
Boethius; he also composed at least one logical treatise of his own. Ger- 
bert's fame, however, rests on his contribution to the mathematical quad- 
rivium, and here the connection with Islam was critical. When Gerbert 
crossed the Pyrenees into the northeastern corner of Spain in 967 to study 
with Atto, bishop of Vich, there can be no doubt that his purpose was to 
master the mathematical sciences, which were apparently more highly 
cultivated there (by virtue of the Proximity of Islam) than anywhere north 
of the Pyrenees, 

We know nothing in detail about Gerbert’s studies, but his subsequent 
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-Fig 9.2, The cloister, Santa Maria de Ripoli in northeastern Spain. Courtesy of William J. Courtenay. 


career provides eloquent testimony to his mastery of the mathematical sci- 

ences—unequalled in the Latin West in many centuries, though still very 

modest by comparison with the best of Greek mathematics—and to his 

familiarity with Islamic achievements in mathematics and astronomy. 

His correspondence, despite the turbulent political and religious context 
within which much of it was written, is laced with references to mathemat- 
ics, astronomy, manuscripts to be copied or corrected (including Pliny’s 
Natural History), translated books, and works to be obtained (including 
those of Boethius and Cicero), In one letter, Gerbert requests a book on 
multiplication and division by Joseph the Spaniard (an Arabic-speaking 
Christian); in another, he solicits a book on astronomy translated from the 
Arabic by Lupitus (archdeacon of the cathedral of Barcelona); in yet an- 
other, he announces the discovery of an astronomical work that he be- 
lieves to have been written by Boethius. He praises his patron, Otto III, for 
his interest in numbers. He instructs friends and associates on how to 
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solve various arithmetical and i 

geometrical problems. He = 
tions on the construction of an astronomical model ibani asiu 
which the principal celestial circles and constellations were Tm : 
on the use of the abacus for multiplication and division ( emploving & ror. 


numerals). 
Finally, it is probable that Gerbert, duri i i 

Vich, had some connection with the Pie ee rb pit 
Ripoll. Exactly how close the connection was, we do not kn 3 es 
time, Ripoll seems to have been a center of quadrivial Haye pe be. 
ae Sources. A surviving Latin manuscript from the monaste: ie ii 
( ting from about the time of Gerbert’ visit to Spain) contai 3 i 
versions of a number of important Arabic treatises on pate i oe 
astrolabe (an instrument for making astronomical observatii Se 
culations), It is possible that Gerbert carried a copy of ae meal 
these treatises over the Pyrenees upon his return; we know that ae a 
o of oa cane be found in the monastery at Reichenau in ae 
many. Gerbert may also have writ i ati p 
labe. What is clear is that ae used REGIE Sarna ae 
church dignitary to advance the cause of mathematical science in tha vas 


THE SCHOOLS OF THE ELEVENTH AND TWELFTH CENTURIES 


pleas Gerbert died in 1003, Western Europe was on the eve of political, 
= 5 E cee renewal. The causes of this renewal were numerous 
complex. One of them was the emer 

an e gence of stronger monarchiés, 

alge of administering justice and reducing the level of internal disorder 
ee violence. At the same time, secure borders were restored, after the 
$ E bis invasions of the ninth and tenth centuries, Indeed, 

n the receiving end of aggression for so man i 
fopeans were about to turn around and b ae 
: 0 ecome the aggressors, drivi 
the Muslims out of Spain and dispatching armies of crusaders to te 
Holy Land. po 
7: oe stability led to the growth of commerce and increased aflu- 
ne : e extension of a money economy to the countryside enhanced 
É le te agricultural products. Technological developments played a criti- 
as = le in SPETNE necessities and producing sources of wealth. The rê- 
ment and spread of the water wheel, for exam 

r e Í ; ple, gave rise to a minor 
TERE revolution; and agricultural innovations, such as crop ae 
an T invention of the horse collar and the wheeled plow (combined, 
Sa y, ee improved climatic conditions), led to a major increase in the 
supply.’ One of the most dramatic results of these changes was a 
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n explosion; exact figures are not available, but between 1000 
the population of Europe may have doubled, tripled, or even 
‘while the city-dwelling portion of this population increased 
y.‘ Urbanization, in turn, provided economic opportunity, 
awed for the concentration of wealth, and encouraged the growth of 


cots and intellectual culture. 


$ iris widely agreed that a close relationship exists between education 
uröanization. The disappearance of the ancient schools was associated 
witht the decline of the ancient city; and educational invigoration followed 
quickly upon the re-urbanization of Europe in the eleventh and twelfth 
centuries. The prototypical school of the early Middle Ages was a monastic 
school—runil, isolated from the secular world, and dedicated to narrow 
educational objectives (even if those objectives were sometimes stretched 
by external pressures). With the shift of population to the cities in the elev- 
enth and twelfth centuries, urban schools of various sorts, which to this 
point had been minor contributors to the educational enterprise, emerged 
from the shadow of the monastery schools and became major educational 
forces. This development was assisted by reform movements within mo- 
nasticism, aimed at reducing monastic involvement in the world and re- 
emphasizing the spiritual nature of the monk's calling. Among the urban 
schools that came into prominence at this time were cathedral schools; 
also schools run by parish clergy and a wide variety of public schools, both 
primary and secondary, not directly linked to ecclesiastical needs but open 
10 anybody who could afford them.” 

‘The educational aims of the new urban schools were far broader than 
those of the monastery schools. The emphasis of the teaching program var- 
ied from one school to another, according to the vision and specialty of the 
master who directed it, but in general urban schools expanded and re- 
oriented the curriculum to meet the practical needs of a diverse and am- 
bitious clientele, which would go forth to occupy positions of leadership 
in church and state. Even the cathedral schools, which resembled the mon- 
astery schools in having exclusively religious aims, based their curriculum 
on a broader conception of the range of studies that would contribute to 
religious ends. And if the educational ambitions of a master or his students 
went beyond what could be sustained within the framework of the cathe- 
dral school, they might detach themselves from the cathedral and operate 
independently of its authority. Indeed, it was quite possible for “schools” 
to be migratory, rather than geographically fixed, and to follow the itiner- 
ary of a charismatic master whose teaching, wherever it might take place, 
held the students together.” The product of these new arrangements was a 
rapid broadening of the curriculum: logic, the quadrivial arts, theology, 


j Fig. 9.3. A grammar school seene 
The master threatens his Pupils 
with a club. Paris, Bibliothèque Na- 
tional, MS Fr. 574, fol. 27r (14tn ©) 


law, and medicine came to be cultivated in the urban 

unheard of within the monastic tradition. The new bee ee 
number and size; at their best, they emitted an aura of intellectual excite- 
ment that attracted the ablest masters and students into their orbits, 

In France, some of the most robust Schools were attached to (or oper 
peu gn the shadows of) cathedrals in regions influenced by the Car- 
olingian reforms of the ninth century. Laon was an early leader, with a 
significant cathedral school by 850 and a strong reputation in theology as 
Jate as the eleventh and twelfth centuries. In the tenth century Gerbert was 
attracted to the cathedral school at Reims as student and master. In the 
twelfth century, schools at Chartres, Orleans, and Paris emerged as leading 
centers for the liberal arts, The most famous of the twelfth-century schools 
is the cathedral school of Chartres—though the degree and duration of its 
preeminence have recently been called into question.’ Schools in nearby 
Paris certainly flourished about the same time, offering instruction in a 

wide range of subjects, including the liberal arts. Outside of France, the 
leading schools were less apt to have any connection with cathedrals: Bo- 
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3 renowned for advanced legal instruction (by private teach- 
yearly in the twelfth century, and by the end of the century Oxford 
ich had no cathedral) gained a reputation for studies in law, theology, 
the liberal arts. 

A moral characteristics of these schools are important for our purposes. 
arst, they witnessed a determined effort to recover and master the Latin 
assi (or Greek classics available in ancient Latin translations), surpass- 
ie anyting seen in the early Middle Ages. Bernard of Chartres spoke for 
\ when he pictured his generation as dwarfs standing on the shoul- 
i e of giants, able to see farther not by virtue of individual brilliance but 
> jy mastery of the classics. Among the favorite Roman authors were 
the poets Virgil, Ovid, Lucan, and Horace. Cicero and Seneca were valued 
as moralists, and Cicero and Quintilian as models of eloquence. The logi- 
cal works of Aristode and his commentators (especially Boethius) were 
carefully studied and applied to all manner of subjects. Legal studies were 
critically dependent on the recovery of the Digest, a summary of Roman 
legal thought. And Martianus Capella, Macrobius, and Plato (through Calci- 
dius’s translation of the Timaeus and accompanying commentary) served 
gs the principal sources for cosmology and natural philosophy. None of 
this is to suggest that the pagan classics displaced the Christian sources that 
had formed the core of monastic education; rather, the newly recovered 
sources took their place alongside the Bible and the writings of the church 
fathers; ic was assumed that these bodies of literature were mutually com- 
patible and that recovery of the ancient classics was simply a matter of ex- 
panding the sources from which one might legitimately learn.” 

Second, the urban schools, like European society more generally, saw a 
marked “rationalistic” turn—that is, an attempt to apply intellect and rea- 
son to many areas of human enterprise. There were attempts, for example, 
to rationalize commercial practices and the administration of church and 
state through record-keeping and the development of accounting and au- 
diting procedures, One historian has described this as a “managerial revo- 
tution.”" The same confidence in human intellectual capacity pervaded 
the schools, where phlosophical method was applied with increasing zeal 
to the whole of the curriculum, including biblical studies and theology. 
The application of reason to theology was not new. As we have seen, the 
earliest Christian apologists undertook a reasoned defense of the faith; and 
Scholars of the early Middle Ages (inspired by the example of Boethius) 
made a persistent effort to apply Aristotelian logic to knotty theological 
problems. The difference in the eleventh and twelfth centuries was in the 
lengths to which theologians were willing to go in the application of philo- 
sophical method. Anselm of Bec and Canterbury (1033—1109) is an ex- 


194 


Fig. 94. The west facade (12th c ) of Chartres Cathedral, 


cellent example.” Though perfectly orthodox in his theological beliefs, 
Anselm was prepared to stretch the limits of theological methodology: to 
explore what unaided reason could achieve in the theological realm, to 
ask whether certain fundamental theological doctrines were true as judged 
by rational or philosophical criteria. His best-known piece of theological 
argumentation is a proof of God's existence (known as the “ontological 


Fig. 95 The chained library of Hereford Cathedral. 


proof") in which he places no reliance on biblical authority. Anselm's pur- 
pose was entirely constructive; clearly he applied philosophical method 
w doctrines about the existence and attributes of God not because he 
doubted the doctrines but in order to buttress them and make them evi- 
dent to nonbelievers. At first glance this may not seem particularly daring, 
but in fact the risks were serious: if reason can prove theological claims, 
presumably it can also disprove them. This is not a problem as long as 
reason arrives at the “right” answer, but what shall we do if, having com- 
mitted ourselves to reason as the arbiter of truth, we find reason and faith 
in opposition? ® 

A generation after Anselm, Peter Abelard (ca. 1079—ca. 1142), a brilliant, 
testless, and abrasive student and teacher in the schools of northern 
France (including Paris and Laon), extended the rationalist program begun 
by Anselm, In various works, he defended theological positions consid- 
ered dangerous by his contemporaries and was twice condemned by the 
réligious authorities. Abelard’s best known book was entitled Sic et non 


[i 


in Paris. Oxford, Bodleian Library, 
MS Laud. Misc, 409, fol. 3v (Lite 
12th ¢,), 


(roughly translatable as Yes and No or Pro and Con); in this sourcebook 
for students, he assembled conflicting opinions of the church fathers oft a 
series of theological questions. He was using conflicting opinions to pase 
problems, which must then become the objects of philosophical investiga- 
tion; in his view, the road to belief passes through doubt. There can be no 
question that Abelard intended to reason about, and in support of, the 
faith: he wrote on one occasion that he did not “wish to be a philosopher if 
it meant rebeling against [the Apostle] Paul, nor an Aristotle if it meant cut- 
ting [himself] off from Christ.” ™ There is also no question that he was per- 
ceived by those of more conservative outlook, such as the monastic 
reformer Bernard of Clairvaux, who thundered against him, as a danger- 
ous champion of philosophical method. The fact that Abelard attracted i 
eee of enthusiastic students must have confirmed Bernard's worst 
ears. 

In the work of Anselm and Abelard and like-minded contemporaries, wë 


Fig. 9.6. Hugh of St. Victor teaching 
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the makings of a confrontation between faith and reason. Anselm 
raised in a compelling way such questions as: How does one 
in the theological realm? Are the rational methods employed in 
schoo! subjects (logic, natural philosophy, and law) applicable also 
heology, or does theology submit to some other master? How are con- 
beween reason (Greek philosophy) and revelation (the truths re- 
4 in the Bible) to be resolved? Worries about questions such as these 
ardized the intellectual revival and established an agenda for philoso- 
hers and theologians of the thirteenth and fourteenth centuries. The 
olesale translation of Greek and Islamic philosophical and scientific 
Yrerature, which was about to begin, would only intensify the problem. We 
return to this subject below (chap. 10). 


NATURAL PHILOSOPHY IN THE TWELFTH-CENTURY SCHOOLS 


‘Natural philosophy did not hold center stage in the twelfth-century 
‘schools, but it did benefit from the general intellectual ferment. The de- 
termination among scholars to master the Latin classics extended to the 
classics of natural philosophy—Plato’s Timaeus with Calcidius's commen- 
tary, Martianus Capella’s Marriage of Philology and Mercury, Macrobius'’s 
Dream of Scipio, Seneca’s Natural Questions, Cicero’s On the Nature of 
the Gods, and the works of Augustine, Boethius, and John Scotus Eriugena. 
Most of these texts have a Platonic tilt, and the scholars who read and ana- 
lyzed them were sharply drawn to the Platonic conception of the cosmos. 
Plato's Timaeus, source of the most coherent discussion of cosmological 
and physical problems then available, and also the repository of Plato's 
own words, became the central text. That position of centrality, in turn, 
gave the Timaeus the power to shape the agenda and content of twelfth- 
century natural philosophy. This does not mean that the Platonism of the 
twelfth century was pure or entirely without rival: certain Stoic ideas man- 
aged to elbow their way into the Platonic milieu; toward the end of the 
century Aristotle’s physical and metaphysical works began to make their 
presence felt; and in the thirteenth century Platonic philosophy would re- 
treat before an Aristotelian onslaught. But for the time being, Plato held 
the position of leadership.” 

But Plato was a versatile guide, and Platonic leadership could mean 
many different things. The Timaeus is first and foremost an account of the 
formation of the cosmos by the divine craftsman. The obvious and most 
pressing task, therefore, was to reconcile Platonic cosmology (or the as- 
pect of cosmology that deals with origins, known as “cosmogony”) with 
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the account of creation in the book of Genesis, as explained Over the 
turies by the fathers of the church. Or to put it a little differently, the 
was to apply all of the cosmology and physics that could be learned f 
Plato and the other ancients to the elucidation of the Genesis ace > 
creation. Science, it should be noticed, was still expected to function ae 
handmaiden. “a 

A number of excellent scholars applied themselves to this Project ip 
twelfth century. One of them was Thierry of Chartres (d. after 1156), a 
teacher of international renown at Chartres and (perhaps) Paris. Thierry. 
‘Wrote a commentary on the six days of Creation, in which he t 
read the content of Platonic cosmology (along with pieces of Aristote! 
and Stoic natural Philosophy) into the biblical text. One ofthe major needs 
was to explain the specific sequence of God's creative activity as described 
in Genesis. According to Thierry, the four elements were created by God. 
in the first instant of time; everything that followed was a natural unfolding 
of the order inherent in that initial creative act. Once created, fire imme. 
diately began to rotate (owing to its lightness, which forbids rest), while 
also illuminating the air, thus accounting for day and night (the first day of 
creation). During the second rotation of the fiery heaven, the fire heated” 
the waters below, causing them to ascend as vapors until suspended above 
the air, forming what the biblical text refers to as the “waters above the 
firmament” (second day). Reduction in the quantity of water below, owin, 
to vaporization, caused dry land to emerge from the seas (third day), Fur- 
ther heating of the waters above the firmament led to the formation of the 
celestial bodies, composed of water (fourth day). Finally, heating of the 
land and the lower waters brought forth plant, animal, and human life 
(fifth and sixth days).'6 

This is a very brief and incomplete survey of Thierry’s commentary, but 
itis enough to reveal the nature of the philosophical program on which he 
and various contemporaries had, under Platonic inspiration, embarked. 
Thierry's cosmology may not be sophisticated by modern standards. Rut 
the important thing is that, following Plato’s lead, it restricts direct divine 
intervention to the initial moment of creation; what happens thereafter is 
the result of natural causation, as the elements move and interact in the 
manner proper to them, and as seeds (the “seminal causes" of Stoic phi- 
losophy, borrowed through Augustine) implanted in created things un- 
dergo a natural process of development. Even the appearance of Adam and 
Eve, and of subsequent humans, did not call for miraculous intervention. 

This naturalism is one of the most salient features of twelfth-century 
natural philosophy. It is found in commentaries on the days of creation 


Fig. 9.7. God as architect of the universe. Vienna, Österreichische Nationalbibliothek, MS 
2554, fol. Iv (13th c.). 
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(perhaps the best place for a natural 
inclinations), but also in more gene: 


see how far natural princi ; 
principles of causati i a 

factory explanation of the world,” ayers 
me outspoken advocate of the new naturalism 

\ r after 1154), who studied and taught at Chartres 


Because they are themselves ignorant of nature's forces and 
are unwilling for anybody to 
we believe like peasants and 
ce [of things}. However, we say that the cause of every- 
: ing is to be sought. . . . But these people, . . . if th ica 
of anybody so investigating, proclaim hima rate 2i 


investigate them, but prefer that 
not inquire into the [natural] 


William's purpose, as he made cl 
agency, but to declare that God cu: i 


time, urging that only when natural explanations “ 


pee eee utterly fail should there 


only should we have recourse to miracles.” 
T may seem a sensible position 
could a strong commitment to the search for natu; 
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oq beliefand unbelief called for by this position? William of Conches 
.d the problem directly, pointing to the difference between ac- 
g that it was within God's power to perform some act and 
ning that God actually had performed it, surely God did not do 
of which he was capable. He added that his philosophical posi- 
(and that of his fellow “naturalists”) did not detract from divine power 
ancl majesty. since whatever comes to pass is ultimately of divine origin: “1 
“ke nothing away from God; all things that are in the world were made by 

d, except evil; but he made other things through the operation of na- 
gure, which is the instrument of divine operation.” Indeed, study of the 

ysical world enables us to appreciate “divine power, wisdom, and good- 
ness” Searching for secondary causes is not a denial, but an affirmation, 
ofthe existence and majesty of the first cause. 

Several other philosophical maneuvers could also help to relieve the 
tension. It was possible to reconcile the reality of miracles with the fixity of 
naure by acknowledging that miracles represent genuine suspensions of 
the usual laws of nature, while maintaining that these suspensions were 
planned by God from the first creation and built into the cosmic ma- 
chinery, so that they remain perfectly natural in the larger sense. More- 
‘over, one could speak about a fixed natural order without infringing on 
divine omnipotence and freedom by arguing (a) that God had unlimited 
freedom to create any kind of world he wished, but (b) that in fact he 
chose to make this world and, having completed his creative activity, was 
not going to meddle with the product. This latter distinction was to be- 
come crucial to developing thought on the subject in the thirteenth and 
fourteenth centuries.” 

Some modern readers will be tempted to view all of this as unaccept- 
able intrusion of theology into the scientific realm. However, if we wish to 
understand the twelfth century, it is important for us to realize that twelfth- 
century bystanders would have been apt to see these developments in pre- 
cisely the opposite light—as a possibly dangerous intrusion of philosophy 
into the theological realm. What was new and threatening was not theo- 
logical presence in philosophical precincts, where it had always made it- 
self quite at home, but the flexing of philosophical muscle in territory 
where theology had hitherto reigned without challenge. To critics of the 
twelfth-century naturalists, it appeared that philosophy might be about to 
throw off her handmaiden status. 

Let us briefly summarize several other aspects of rwelfth-century natural 
philosophy. The Timaeus and supporting sources not only promoted the 
idea of a fixed natural order; they also made humans a part of that order, 
governed by the same laws and principles, so that an exploration of human 
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nature was understood to be continuous with exploration of the 
universe 


more generally. Frequently the point was made even more fo 


through the macrocosm-microcosm analogy: humans not ore pacea 
Ong to. 


the cosmos but are actually miniatures of it. It 

the individual person are linked by pa eee ae 

which bind them into a tight unity. For example, just as the cos pec 

of the four elements, animated by the world soul (the j 

which gave rise to considerable debate in the twelfth century), y 

ga is a eee of body (the four elements) and soul, ee 

ving made humankind part of the natu 

scholars increasingly took an interest in the rata te me 

ties = that is, humans as they are independently of divine B, ‘Cas 
historians sometimes write of twelfth-century “humanism.”) In is 
nection, there was a strong tendency to affirm the value of human 4 
a part of the natural order, and therefore sympathetic to its chythons ea 

monies, reason was i i 
ae oe as a particularly suitable instrument for 
Closely associated with the macrocosm-microcosm an 
ence of astrology. Astrology had fallen into disrepute e 
Middle Ages, owing to the opposition of the church fathers. Augustine : 
tacked it as a form of idolatry (since it had traditionally been socal 
with worship of the planetary deities) and for its tendency to lead to fittalism 
and the denial of free will. But under the influence of twelfth-century Pla- 
tonism, as well as an influx of Arabic astconomical and astrological litera: 
ture in translation, astrology was restored to at least quasi-respectability: 
In the Timaeus, the Demiurge is credited with making the planets or celes- 
tial gods, but then delegating to them the responsibility of bringing forth 
subsequent forms of life in the lower regions. This suggestive account, 
coupled with the idea of cosmic unity, the macrocosm-microcosm analogy, 
and certain long-known correlations between celestial and terrestrial mad 
nomena (the seasons and the tides), and augmented by newly translated 
Arabic astrological works, led to a resurgence of interest and belief in aṣ- 
teology. This is not the place to enter into a detailed analysis of astrological 
theory or practice (treated in chap. 11, below). What is important for our 
Purposes is to notice that twelfth-century astrology had nothing to do with 
the supernatural; quite the contrary, it flourished among the naturalists of 
the twelfth century precisely because it entailed the exploration of the 
natural forces that link heaven and earth? 
Finally, did the mathematical tendencies of Platonic philosophy influ- 

ence twelfth-century thought, as we might expect? Yes, but in a form that 


exact nature of 
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surprise modern readers. Mathematics was employed in the first half 
“ne pwellth century, not to quantify natural laws or to provide a geometri- 
A representation of natural phenomena, but to answer questions that we 
q regard as metaphysical or theological. This is an exceedingly ab- 
M ee subject, which we cannot go into deeply, but one example may help 
“4 point the way. Following Boethius, twelfth-century scholars saw the 
F of numbers (specifically, the relationship of the number 1 to the 
' ing numbers) as a vehicle for understanding the relationship be- 
gwen divine unity and the multiplicity of created things. It is the latter 
“point that Thierry of Chartres was addressing when he wrote that “the 
greaion of number is the creation of things.” Mathematics also served in 
qherwelfth century as a model of the axiomatic method of demonstration. 
\Abroader conception of the scientific uses of mathematics would have to 
await the translation and assimilation of Greek and Arabic mathematical 


Science later in the century.” 


THE TRANSLATION MOVEMENT 


The revival of learning began as an attempt to master and exploit wadi- 

tional Latin sources. However, before the end of the twelfth century it was 

transformed by the infusion of new books, containing new ideas, freshly 

translated from Greek and Arabic originals. This new material, first a 

trickle and eventually a flood, radically altered the intellectual life of the 

West. Up to this point, Western Europe had been struggling to reduce its 

intellectual losses; hereafter, it would face the altogether different problem 

of assimilating a torrent of new ideas.” 

‘The separation between East and West had never been total, of course. 

‘There were always travelers and traders, and near the borders bilingual 
(or multilingual) people would be numerous. There were also diplomatic 
contacts between Byzantine, Muslim, and Latin courts: an early and signifi- 
cant case was the exchange of ambassadors (both of them scholars) be- 
tween the courts of Otto the Great in Frankfurt and ‘Abd al-Rahman in 
Cordoba, which occurred about 950. Another kind of contact is illustrated 
by Gerbert's pilgrimage to northern Spain in the 960s to study Arabic 
mathematical science. Considered individually, such events may seem of 
small significance; but added together, they gradually created in Western 
minds an image of Islam and (to a lesser extent) Byzantium as repositories 
of great intellectual riches. It became clear to Western scholars wishing to 
enlarge the body of knowledge in Latin Christendom that they could do no 
better than to make contact with these intellectually superior cultures. 
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The earliest translations from the Arabic—several treatises On mathe 
matics and the astrolabe—were made late in the tenth century in Spain È 
century later a North African become Benedictine monk, named ¢ i 
stantine (fl. 1065-85), made his way to the monastery of Monte Cassing in 
southern Italy. There he began to translate medical treatises from Arabic 
Latin, including the works of Galen and Hippocrates, which would su 
the foundation of medical literature on which the West would builg for 
several centuries. 

These early translations whetted the European appetite for moze. Begin, 
ning in the first half of the twelfth century, translation became a 
scholarly activity, with Spain as the geographical focus. (Contact with the 
Middle East as a result of the Crusades had a minimal impact on transla 
tions.) Spain had the advantage of a brilliant Arabic culture, an ample sup. 
ply of Arabic books, and communities of Christians (known as Mozarahs ) 
who had been allowed to practice their religion under Muslim rule and 
who could now help to mediate between the two cultures. As a result of 
the Christian reconquest of Spain, centers of Arabic culture and libraries of 
Arabic books fell into Christian hands; Toledo, the most important center, 
fell in 1085, and in the course of the twelfth century the riches of its library 
began to be seriously exploited, thanks in part to generous Patronage from 
the local bishops. 

Some of the translators were native Spaniards, fluent in Arabic from 
childhood: such a man was John of Seville (A. 1133-42), probably a 
Mozarab, who translated a large number of astrological works; another 
was Hugh of Santalla (fl. 1145), from one of the Christian states in the north 
of Spain, who translated texts on astrology and divination; yet another, and 
one of the ablest, was Mark of Toledo (fl. 1191-1216), who translated 
several Galenic texts. But others came from abroad: Robert of Chester 
(fl. 1141-50) came from Wales; Hermann the Dalmatian (fl. 1138—43) wasa 
Slav; and Plato of Tivoli (fl. 1132—46) was an Italian, These men came to 
Spain, presumably without prior knowledge of Arabic. Once there, they 
found a teacher, learned Arabic, and began to translate. Occasionally they 
joined forced with a bilingual native (perhaps a Mozarab or a Jew who 
knew Arabic and the vernacular language) and proceeded to translate 
cooperatively. 

The greatest of the translators from Arabic to Latin was undoubtedly 
Gerard of Cremona (ca. 1114-87).* Gerard, from northern Italy, came 
to Spain in the late 1130s or early 1140s in search of Ptolemy's Almagest, 
which he had been unable to locate elsewhere, He found a copy in 
Toledo, remained to learn Arabic, and eventually rendered it into Latin. 
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É astonishing: at least a dozen astronomical texts, including the Almagest; 
$ en works on mathematics and optics, including Euclid’s Elements 
al-Khwarizml’s Algebra; fourteen works on logic and natural philoso- 
phy, including Aristotle's Physics, On the Heavens, Meteorology, and On 
n and Corruption; and twenty-four medical works, including 
avicenna’s great Canon of Medicine and nine Galenic treatises. The total 
comes to seventy or eighty books, all translated carefully and literally by 
a man who possessed a good command of the languages as well as the 
subject matter. 

Translation from the Greek had never entirely ceased: recall Boethius in 
the sixth century and Eriugena in the ninth. But translation from the Greek 
resumed and dramatically accelerated in the twelfth century. Italy was the 
principal location, especially the south (including Sicily), where there had 
always been Greek-speaking communities and libraries containing Greek 
books. Italy also benefited from ongoing contact with the Byzantine 
Empire. One of the important early translators was James of Venice 
(fl, 1136—48), a legal scholar in touch with Byzantine philosophers, who 
translated a collection of Aristotle's works. A series of important works on 
thathematics and mathematical science appeared in Greco-Latin transla- 
tions about the middle of the century: Ptolemy's Almagest (whether before 
or after Gerard's translation from the Arabic cannot be determined) and 
Euclid’s Elements, Optics, and Catoptrics. 

Greco-Latin translating activity continued in the thirteenth century, most 
notably in the work of William of Moerbeke (fl. 1260-86). Moerbeke set 
ut to provide Latin Christendom with a complete and reliable version of 
the Aristotelian corpus, revising existing translations where he could, 
producing new translations from the Greek where that was required. 
Moerbeke also translated some of the major Aristotelian commentators, 
ā variety of Neoplatonic authors, and some mathematical works by 
Archimedes.” 

Finally, a word about the motivation for the translations and the selec- 
ton of materials to be translated. The aim was clearly utility, broadly de- 
fined. Medicine and astronomy led the way in the tenth and eleventh 
Cênturies; early in the twelfth century the emphasis seems to have been on 
astrological works, along with the mathematical treatises required for the 
Successful practice of astronomy and astrology. Medicine and astrology 
both rested on philosophical foundations; and it was at least partly to re- 
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cover and asses those foundations that attention was directed, beginning, 
the second half of the twelfth century and continuing through ho 
teenth, toward the physical and metaphysical works of Aristotle and hike 
commentators (including the Muslims Avicenna and Averroes). Once the 
full scope of Aristotle’s works became known, of course, it became cla. 


that his philosophical system was applicable to an enormous range TA 


scholarly issues treated in the schools.” 
By the end of the twelfth century, Latin Christendom had. 

major portions of the Greek and Arabic philosophical and Scientific 
achievement, in the course of the thirteenth century many of the remain, 
ing gaps would be filled. These books spread quickly to the great educa. 
tional centers, where they contributed to the educational revolution, In the 
next chapter we will examine some of the struggles provoked bythe newly 
translated materials. 


THE RISE OF UNIVERSITIES 


The typical urban school in the year 1100 was small, consisting of a single 
master or teacher and perhaps ten or twenty pupils. By the year 1200 the 
schools had grown dramatically in number and size, We have almost no 
quantitative data, but in leading educational centers like Paris, Bologna, 
and Oxford, students undoubtedly numbered in the hundreds. Some idea 
of the explosion in the school population can be gained from the fact that 
more than seventy masters taught in Oxford between 1190 and 1209," An 
educational revolution was in Progress, driven by European affluence, 
ample career opportunities for the educated, and the intellectual excite 
ment generated by teachers like Peter Abelard, Out of the revolution 
emerged a new institution, the European university, which would play a 
vital role in promoting the natural sciences. Let us briefly examine the 
process. 

The absence of documentary evidence makes it impossible for us to 
trace in detail the steps by which universities came into existence, But 
what is clear is that the great expansion of educational opportunity at the 
elementary level (where instruction was offered in Latin grammar, the art 
of chanting, and basic arithmetic) led to demand among the intellectually 
ambitious for higher studies. Certain cities, such as Bologna, Paris, and Ox- 
ford, acquired a reputation for advanced studies in the liberal arts, medi- 
cine, theology, or law, and to these cities teachers and students gravitated 
in large numbers. Once there, a teacher would set up shop under the aus- 
pices of an existing school or as an independent, free-lance teacher—ad- 
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vertising for students and teaching them individually or in groups for a fee 
(rather like a modern teacher of music or dance). Instruction would gen- 
erally take place in quarters provided by the teacher. ; 

With numerical expansion came the need for organization—to secure 
rights, privileges, and legal protection (since many of the teachers and stu- 
dents were foreigners, without the rights of the local citizenry), to gain 
control of the educational enterprise, and generally to promote their mu- 
tual well-being. Fortunately, there was an organizational model ready at 


208 Chapter Nine 


hand in the guild structure that was developing at the Same time 
various trades and crafts; it was therefore natural for teachers and s i 
to organize themselves similarly into voluntary associations ig: 


no scholarly or educational connotations but simply denoted an x 
tion of people pursuing common ends. It is important to note, then, 
university was not a piece of land or a collection of buildings Or ev 
charter, but an association or corporation of teachers (called “maşters" 


a 
Jor 


students. The fact that a university owned no real estate (to begin With) 
use 


made it extremely mobile, and the early universities were thus able tous 


the threat of packing up and moving to another city as leverage to Secure 


concessions from the local municipal authorities. 

It is impossible to assign a precise date to the founding of any Of the: 
early universities for the simple reason that they were not founded, but 
emerged gradually out of preexisting schools—their charters coming af 
the fact. It is customary, however, to see the masters of Bologna as y 
achieved university status by 1150, those of Paris by about 1200, and those 
of Oxford by 1220. Later universities were generally modeled on One oF 
another of these three.” , 

Among the aims of these corporations were self-government and mo: 
nopoly—which amount to control of the teaching enterprise, Gradually 
the universities secured varying degrees of freedom from outside inter. 
ference and thus the right to establish standards and procedures, to tix the 
curriculum, to set fees and award degrees, and to determine who would 
be permitted to study or teach. They managed this by virtue of high-level 
patronage from popes, emperors, and kings, who offered protection, guar- 
anteed privileges, granted immunity from local jurisdiction and taxation, 
and generally took the side of the universities in a variety of power 
struggles. The universities were considered vital assets, which needed to 
be carefully nurtured and (if circumstances dictated) judiciously disci- 
plined. The extraordinary thing is how effective the nurturing proved to 
be, and how rarely and benevolently the disciplinary function was exer- 
cised. There were certain episodes, as we shall see, in which the church 
intervened decisively; but for the most part the universities managed the 
rare and remarkable feat of securing patronage and Protection without 
interference.” 

As the universities grew in size, internal organization was required. 
There were variations, of course, but Paris (the preeminent university in 
northern Europe) will serve to illustrate, At Paris there came to be four 
faculties or guilds: an undergraduate faculty of liberal arts (by far the 


or S 
a guild was called a “university [universitas] —a term that osaa 
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ofthe four) and three graduate facilities—law, medicine, and theol- 
The fiberal arts were considered preparatory for work in the graduate 
admission to which ordinarily depended on completion of the 
of study in the arts. Because the masters in the arts faculty were 
numerous than the teachers in the other faculties, they came to con- 
mol the university. 
boy came to the university at about age fourteen, having previously 
med Latin in a grammar school. In northern Europe, matriculation in 
university generally conferred clerical status; this does not mean that 
were priests or monks, but simply that they were under the au- 
» anid protection of the church and had certain ecclesiastical privi- 
| ‘The student enrolled under a particular master (the apprenticeship 
model should be kept in mind), whose lectures he followed for three or 
years before presenting himself to be examined for the bachelor’s 
young man’s) degree. If he passed this, he became a bachelor of arts, with 
"the status of a journeyman apprentice, and was permitted to give certain 
of lectures under the direction of a master (rather like the modern 
teaching assistant), while continuing his studies. At about age twenty-one, 
having heard lectures on all of the required subjects, he could take the 
examination for the M.A. (master of arts) degree. Passage of this examina- 
tian brought the student full membership in the arts faculty, with the right 
to teach anything in the arts curriculum, 

The universities were enormously large by comparison with Greek, Ro- 
mari, or early medieval schools, but they fell far short of the mammoth. 
public universities of the present. There were wide variations, of course, 
but a typical medieval university was comparable in size to a small Ameri- 
can liberal arts college—with a student population falling somewhere be- 
tween about 200 and 800. The major universities were considerably larger: 
Oxford probably had between 1,000 and 1,500 students in the fourteenth 
century; Bologna was of similar size; and Paris may have peaked at 2,500 to 
2,700 students. It is evident from these figures that university-educated 
people were but a minuscule fraction of the European population, but 
their cumulative influence over time should not be underestimated; that 
German culture, for example, was profoundly shaped by the more than 
200,000 students who passed through the German universities between 
B77 and 1520 seems indisputable.* 

Tt would be a mistake to suppose that most of these students emerged 
from their university experience with a degree; the great majority dropped 
out after a year or two, having acquired sufficient education to meet their 
needs, having run out of money, or having discovered themselves unsuited 
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academic life. Substantial numbers died before completing their 
»s—a reminder of the high mortality rates of the Middle Ages.* The 
at who did earn the M.A. was often required to teach for two years 
of a chronic shortage of teachers in the arts faculty); he might 
easly embark on a degree in one of the graduate faculties, which 
sed to lead to far more lucrative employment. Few masters of arts 
ly made a career of teaching in the faculty of arts, The program of 
es in medicine (leading to the master’s degree or doctorate—there 
< nü difference) required five or six years beyond the M.A. degree; in 
oy, abuutseven or eight additional years; and in theology, somewhere be- 

en eight and sixteen years of further study. This was a long and de- 
«ding program, and those who conipleted the master’s degree in any of 
graduate faculties belonged to a small scholarly elite. 
We come at last to the curriculum. This evolved as the Middle Ages pro- 
, oF course, but certain generalizations are possible.” First, it came 
tw be understood that the seven liberal arts no longer provided an ade- 
quate Framework within which to conceive the mission of the schools. 
Grammar declined in significance, yielding its place in the curriculum to a 
greatly expanded emphasis on logic. The mathematical subjects of the 
quadrivium, never prominent in the medieval schools, retained their low 
profile (with some exceptions, to be dealt with below). The arts curricu- 
lum was rounded out by the three philosophies: moral philosophy, natural 
philosophy, and metaphysics. And, of course, medicine, law, and theology 
came to be viewed as advanced subjects, covered in graduate faculties and 
requiring study in the arts as a prerequisite. 

Second, where does this leave the subjects that we think of as scientific? 
We will deal with the content of the various sciences in subsequent chap- 
ters; here the question concerns their place in the curriculum. The qua- 
drivial arts were generally taught, but rarely stressed. Arithmetic and 
geometry, between them, occupied perhaps eight to ten weeks in the cur- 
ticulum of the typical medieval undergraduate; but those who wanted 
More could frequently obtain it, at least in the larger universities. Astron- 
omy was more highly cultivated, either as the art of timekeeping and the 
establishment of the religious calendar (especially determination of the 
movable date of Easter) or as the theoretical substructure for the practice 
į of astrology (frequently in connection with medicine). The teaching texts 

were Greek and Arabic books in translation (including, on occasion, 


g 


Fig. 9.8. Mob Quad; Merton ty) i 
Oxford, Dating from the foune 
century, this ig the oldest s 
quadrangle in Oxford, m 


Fig. 9.9. Doorway to one of thie tiis | 4 P 
7 medion soit presently porti, Ptolemy's Almagest) or new ones written expressly for the purpose. The 
the Bodleian Library, University of average level of astronomical knowledge must have been quite low, but 


Oxford, there were times and places when the subject was taught with skill and 


212 Chapter Nine 


The Revival of Learning in the West 213 


sophistication; and there can be no doubt that the universities Prod 
few highly proficient astronomers (see chap. 11). 

If the mathematical sciences remained generally inconspicuous, 
telian natural philosophy became central to the curriculum, From. 


beginnings late in the twelfth century, Aristotle’s influence grew until, by. 
metaphysics, oos 


the second half of the thirteenth century his works on 1 
mology, physics, meteorology, psychology, and natural history 
compulsory objects of study. No student emerged from a University educa, 
tion without a thorough grounding in Aristotelian natural Philosophy. And 
finally, we must note that medicine had the good fortune to be cultivare 
within its own faculty.” 

Third, one of the most remarkable features of this curriculum was the 
high degree of uniformity from one university to another. Up to this point, 
different schools generally represented different schools of thought, inan- 
cient Athens, for example, the Academy, the Lyceum, the Stoa, and the Gar 
den of Epicurus were committed to the propagation of rival and (to some 
extent) incompatible philosophies. But the medieval universities, while 


differing somewhat in emphasis and specialty, developed a common cur- 


riculum consisting of the same subjects taught from the same texts. This 
was partly a response to the sudden influx of Greek and Arabic learning 
through the translations of the twelfth century, which supplied European 
scholars with a standard collection of sources and a common set of prob- 
lems. It was also connected, as both cause and effect, with the high level of 
mobility of medieval students and professors. Professorial mobility was fi- 
cilitated by the fus ubique docendi (right of teaching anywhere) conferred 
on the master by virtue of completing his course of study. Thus a scholar 
who eamed his degree at Paris could teach at Oxford without interference 
and, perhaps more importantly, without acquiring a case of intellectual in- 
digestion; this was possible only because subjects taught at the one did not 
differ markedly in form or content from those same subjects as taught at 
the other. For the first time in history, there was an educational effort of 
international scope, undertaken by scholars conscious of their intellectual 
and professional unity, offering standardized higher education to an entire 
generation of students. 

Fourth, this standardized education communicated a methodology anda 
worldview based substantially on the intellectual traditions traced in the 
early chapters of this book. Methodologically, the universities were com 
mitted to the critical examination of knowledge claims through the use of 
Aristotelian logic. And the system of belief that emerged from the applica: 
tion of this method integrated the content of Greek and Arabic learning 


ih the claims of Christian theology. We will deal below (especially in 
‘a 10) with struggles over the reception of the new learning and the 
and content of the resulting synthesis; at present it is sufficient to note 
these struggles were won by the liberal party, which wished to enlarge 
gore of European learning by assimilating the fruits of Greek and 

{hic scholarship, Thus in the medieval universities, Greek and Arabic 
Mente (almost in their entirety) at last found a secure institutional home. 
~ Finally, it must be emphatically stated that within this educational system 
ahe medieval master had a great deal of freedom. The stereotype of the 
piddle Age pictures the professor as spineless and subservient, a slavish 
follower of Aristotle and the church fathers (exactly how one could be a 
‘slavish follower of both, the stereotype does not explain), fearful of depart- 
ng one iota from the demands of authority. There were broad theological 
himits, of course, but within those limits the medieval master had remark- 
abie freedom of thought and expression; there was almost no doctrine, 

jlesophical or theological, that was not submitted to minute scrutiny 
und criticism by scholars in the medieval university. Certainly the medieval 
master, particularly the master who specialized in the natural sciences, 
would not have thought of himself as restricted or oppressed by either an- 
cient or religious authority. 
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‘The Recovery and Assimilation of 
Greek and Islamic Science 


THE NEW LEARNING 


The educational revival of the eleventh and twelfth centuries was broad- 
ened and wansformed in the course of the twelfth century by the 
gequisition of new sources. In 1100, the revival could still be construed as 
gin attempt to recover and master the Latin classics: Roman and early medi- 
eval authors, including the Latin church fathers, and a few Greek sources 
(Plato's Timaeus and parts of Aristotle's logic, for example) that existed in 
early Latin translations. A trickle of new translations from both the Greek 
and the Arabic had begun to flow, but their impact was still modest. A hun- 
dred years later, this trickle had become a torrent, and scholars found 
themselves struggling valiantly to organize and assimilate a body of new 
learning overwhelming in scope and magnitude. 

The existence of this new learning was the central feature of intellectual 
life in the thirteenth century, setting an agenda that would preoccupy the 
best scholars of the century. The task was to come to terms with the con- 
tents of the newly translated texts—to master the new knowledge, orga- 
nize it, assess its significance, discover its ramifications, work out its 
internal contradictions, and apply it (wherever possible) to existing intel- 
lectual concerns. The new texts were enormously attractive because of 
their breadth, their intellectual power, and their utility. But they were also 
of pagan origin; and, as scholars gradually discovered, they contained ma- 
terial that was theologically dubious. It was thus a sobering intellectual 
challenge that thirteenth-century scholars confronted; their approach to 
the new material and their skill in dealing with it would contribute perma- 
nently to the shape of Western thought. 

Most of the translated works were benign. The very fact that a text was 
translated tells us that somebody thought its usefulness outweighed any 
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potential dangers. Technical treatises on all manner of subjects ( 
ics, astronomy, statics, optics, meteorology, and medicine) were, in 
received with unqualified enthusiasm: they were obviously superior 
anything previously available on their respective subjects; in many a 
they filled an intellectual void; and they contained no unpleasant philo. 
sophical or theological surprises. Thus Euclid's Elements, Ptolemy's ap 
magest, al-Khwārizmīs Algebra, Ibn al-Haytham’s Optics, and Avicennas 
Canon of Medicine were peacefully added to the corpus of Western 
knowledge. The process by which these and other technical treatises were 
mastered and assimilated will be treated in subsequent chapters, 

Insofar as there was trouble, it appeared in broader subject areas thit 
impinged on worldview or theology—subjects such as cosmology, phys: 


ics, metaphysics, epistemology, and psychology. Central to these subjëcts. 


were the works of Aristotle and his commentators, which successfully ad- 
dressed a multitude of critical philosophical problems, while Promising 
untold future benefits from the proper employment of their methodology, 
The explanatory power of the Aristotelian system was obvious, and jt 
proved exceedingly attractive to Western scholars. But it bestowed its 
benefits at a certain price, for Aristotelian philosophy inevitably touched 
on many issues already addressed by the blend of Platonic philosophy and 
Christian theology that had gradually become entrenched over the previ- 
ous millennium. Unlike treatises on narrower, more technical subjects, 
Aristotelian philosophy did not fill an intellectual vacuum, but invaded oe- 
cupied territory. This led to a variety of skirmishes, which ended (as we 
shall see) in a negotiated settlement. Let us examine the steps by which 
this occurred. 


ARISTOTLE IN THE UNIVERSITY CURRICULUM 


Most of Aristotle's works and some of the commentaries on them (espe- 
cially those of the eleventh-century Muslim Avicenna) were available in 
translation by 1200, We know very little about their early circulation or 
their use in the schools, but they seem to have made an appearance at both 
Oxford and Paris during the first decade of the thirteenth century. At Ox- 
ford, no obstacles arose in the next few decades to the slow, but steady, 
growth of Aristotelian influence.’ At Paris, however, Aristotle ran into early 
trouble: allegations were made that pantheism (roughly, the identification 
of God with the universe) was being taught by masters of arts under Aristo- 
telian inspiration. The outcome of these charges was a decree, issued bya 
council of bishops meeting in Paris in 1210 and reflecting conservative 
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onin the faculty of theology, forbidding instruction on Aristotle's 
La philosophy within the faculty of arts. This decree was renewed in 

3 by the papal legate Robert de Courgon, but it was still applicable only 
fy Paris 
pope Gregory IX became directly involved in 1231, in the course of pro- 
squileating regulations governing the University of Paris. Gregory acknowl- 
5 edged the legitimacy of the ban of 1210, and renewed it, specifying that 
aristotle’s books on natural philosophy were not to be read in the faculty 
pfarts until they had been “examined and purged of all suspected error.” 
Gregory explained himself ten days later, in a letter appointing a commis- 
sion to act on the matter: “Since the other sciences should serve the 
wisdom of holy Scripture, they are to be appropriated by the faithful inso- 
far as they are known to conform to the good pleasure of the Giver.” How- 
ever, it had come to Gregory's attention that “the books on natural 

josophy that were prohibited in a provincial council at Paris . . . contain 
poth useful and useless matter.” Therefore, “in order that the useful not be 
contaminated by the useless,” Gregory admonished his newly appointed 
commission to “eliminate all that is erroneous or that might cause scandal 
or give offense to readers, so that when the dubious matter has been re- 
moved, the remainder may be studied without delay and without offense.” 

What is noteworthy is that Gregory acknowledged both the utility and 
the dangers of Aristotelian natural philosophy. Aristotle remained under 
the ban until purged of error; but once error had been eliminated, schol- 
ars were encouraged to put him to use. It is also important to note that the 
commission appointed by Gregory seems never to have met, perhaps be- 
cause one of its leading members, the theologian William of Auxerre, died 
within the year, and no purged version of Aristotle has ever been discov- 
ered. The subsequent acceptance of Aristotle was based on a complete, un- 
censored version of his works. 

Various documents address the fate of Aristotle’s works during the next 
twenty-five years. They reveal that the bans of 1210, 1215, and 1231 were 
partially successful for a time, but that they began to lose their effectiveness 
around 1240. One reason for this may have been Gregory IX’s death in 
1241, after which his regulations of a decade earlier may have lost some of 
their coercive power; another may have been a growing awareness among 
the Parisian masters of arts that they were losing ground (and reputation) 
to their counterparts at Oxford and other universities. We should also 
reckon with the possibility that the teaching of Aristotle’s logic (not cov- 
ered by the bans), ready availability of Aristotle's works on natural philoso- 
phy (despite the ban on teaching them), and the recovery of new 
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Aristotelian commentators (especially Averroes) elevated Aristotle’ 
tation to the point where the juggernaut of Aristotelian philosoph a 

stoppable. And, of course, we need to remember that it had ah a 
legitimate for theologians to make such use of Aristotle as they aul 

Whatever the causes, Aristotle's works on natural philosophy i: 

have become the subject of lectures in the faculty of arts in the Eo 2 
shortly before; one of the earliest to teach them was Roger Bacon, a 
the same time, more liberal attitudes toward the use of Aristotle vernal 
etrating the theological faculty at Paris, as we see in a growing eae 
to allow Aristotelian philosophy to shape theological speculatio a 
thought, By 1255 the tables had turned completely, for in that year mie 
ulty of arts passed new statutes making mandatory what was apparently iL 
ready the practice—namely, lectures on all known works of rises ; 
Aristotle's natural philosophy had not merely created a place for self i 
the arts curriculum; it had become one of the principal ingredients, 


POINTS OF CONFLICT 


It is time to pinpoint the features of Aristotelian Philosophy that were 
worth worrying or fighting about. But first we must note that the content of 
Aristotle's philosophy, as understood by his Western readers, was in a state 
of flux. Because Aristotle was exceedingly difficult to follow, readers naty- 
rally availed themselves of whatever explanatory aids they could acquire: 
fortunately, commentators in both late antiquity and medieval Islam had 
paraphrased Aristotle or explained difficult points in the various Aristo- 
telian texts, and the works of these commentators were progressively 
translated along with Aristotle's own works and used wherever Aristotle 
was seriously studied. In the closing decades of the twelfth century and the 
early decades of the thirteenth, the principal commentator was the Muslim 
Avicenna (Ibn Sina, 980-1037), who presented a Platonized version of Ar- 
istotelian philosophy.’ The charge of pantheistic teaching at Paris made in 
1210 undoubtedly reflects the inroads of Avicenna’s Neoplatonic reading of 
Aristotle. However, beginning about 1230, the commentaries of Avicenna 
began to be displaced by those of the Spanish Muslim Averroes (tba 
Rushd, 1126—98).* There is no question that Averroes too was capable of 
extending or distorting Aristotle’s meaning, and that he did so on occasion, 
but in general the switch from Avicenna’s guidance to that of Averroes 
meant a return to a more authentic, less Platonized, version of Aristotelian 
philosophy. So influential did Averroes become in the West that he came to 
be known simply as "the Commentator.” 
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fig. 10:1. The beginning of Avicenna’s Physics (Sufficientia, pt. 1), Graz, Universititsbiblio- 
thek MS 1.482, fol. 111r (13th c.). 


‘What was there in the Averroistic (or more authentic) reading of Aris- 
qotle that caused trouble? Some specific claims appeared (with varying de- 
grees of clarity) to violate orthodox Christian doctrine; and beneath these 
claims there lay a general outlook, rationalistic and naturalistic in tone, 
which struck some observers as antithetical to traditional Christian 
thought. The simplest way of discussing these issues will be to begin with 
the specific claims. 

A prominent feature of the Aristotelian cosmos was its eternity, de- 
fended by a variety of arguments in a variety of Aristotle's works. Bearing, 
as it did, on the doctrine of creation, this was a claim that could hardly be 
overlooked by Aristotle’s Christian readers. Aristotle's position was that the 
cosmos did not come to be and cannot cease to be. The elements, he ar- 
gued, have always behaved according to their natures; consequently, there 
cannot have been a moment when the universe as we know it came into 
being, and no moment will come when it ceases to be; it follows that the 
universe is eternal. Aristotle thus repudiated the evolutionary cosmology 
of the pre-Socratic philosophers.” 

From a Christian standpoint, however, this is an intolerable conclusion. 
Not only does the Bible contain an account of creation in the opening 
chapters of Genesis, but the absolute dependence of the created universe 
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on the Creator was fundamental to Christian conceptions of 
world. Consequently, among Aristotle’s thirteenth-century CH 
mentators, we find an unbroken string of attempts to resolve this 
lem.* We will consider some of the arguments below, 

Another problem, also bearing on the relationship between Creator 


Creation, is that of determinism. The question of deterministic tendencie. 
in Aristotle's natural philosophy is a very thorny one. Whar needs wig 
to 


stated here is that the universe as he described it contains unchangeable 


natures, which are the basis of a regular cause-and-effect Sequence, This j 
n i$ 


particularly evident in the heavens, where that which is wil 
Moreover, Aristotle regarded the deity, the Prime oe hir ei 
changing and therefore incapable of intervening in the operation oe 
cosmos; the cosmic machinery thus runs inevitably and urha 
onward, initiating a chain of causes and effects that descend into and y 
vade the sublunar realm. The danger here is that within the Aiea 
framework no room can be found for miracles? And finally, attached Wp 
Aristotelian philosophy were astrological theories, which threatened ti 
freedom of human choice (essential to Christian teaching on sin and sal Š 
tion) if celestial influences could be shown to act on the will. 7 
All of these deterministic tendencies or elements were senad in thè 
thirteenth century as a challenge to Christian doctrine—particularly divine 
freedom and omnipotence, divine providence, and miracles. Aristotle's 
Prime Mover, who does not even know of the existence of individual hu- 
man ae Eo does not intervene on their behalf is a far cry from the 
‘istian , who kn 
ARD ows when the sparrow falls and numbers the very 
As a final example of troublesome Aristotelian ideas, we turn to the na: 
ture of the soul. Aristotle argued that the soul is the form or organizing 
principle of the body—the full actualization of the potentialities inherent 
in the matter of the individual, It follows that the soul cannot have inde- 
pendent existence, since form, even if it can be distinguished from matter, 
cannot exist independently of matter. To suppose that the soul might be 
separated from the body would be as foolish as to suppose that the sharp- 
ness of an axe could be separated from the matter of the axe. At death, 
nee when ae individual dissolves, its form or soul simply ceases to 
~~ Such a conclusion is ch i i isti i 
fe Rene eaen aia learly incompatible with Christian teaching on 
The immortality of the individual soul was also called into question by 
another psychological doctrine developed by Averroes, as he attempted to 
work out certain difficulties in Aristotle’s epistemology. The full Averroistic 
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known as “‘monopsychism,” is extremely intricate. What is impor- 
8 = us is his claim that the immaterial and immortal part of the human 
soul, the “intellective soul,” is not individual or personal but a unitary in- 
ellect shared by all humans. It would seem to follow that what survives 
esth 15 not personal but collective; immortality is preserved, but not per- 
immortality. The violation of Christian teaching is again clear.” 

Such claims as these were not isolated pieces of philosophy, but mani- 
4 ons of basic attitudes toward reason and its proper relationship to 
“faith and theology; they entered Western Europe as specific instances of an 
outlook and a methodology. The champions of the new Aristotelianism 
“were inclined to enlarge the scope of rational activity, naturalistic explana- 
ion, and Aristotelian demonstration; philosophy was their game, and they 
wished to display its virtues in every intellectual arena. When philosophy 
entered the theological faculty and began to influence theological method, 
coming to rival biblical studies as the focus of theological education, tradi- 
tionalists understandably reacted in anger and frustration, Charges of intel- 
Jectual arrogance and vain curiosity became commonplace. Were the 
articles of the faith to be tested by the content and methods of pagan phi- 
fosophy? Were the teachings of Christ, the Apostle Paul, and the church 
fathers subordinate to those of Aristotle? 

A particularly acute example of this outlook in the realm of natural phi- 
Josophy was the tendency to restrict analysis to causal principles discovera- 
ble through the exercise of human observation and reason, without regard 
for the teachings of biblical revelation or church tradition. Divine or super- 
natural causation was never denied, but it was placed (by the more ag- 
pressive proponents of the new methodology) outside the province of 
patural philosophy. This naturalism, the seeds of which are visible in such 
twelfth-century thinkers as William of Conches (see chap. 9, above), 
blossomed under the stimulus of Aristotle and his commentators. Perhaps 
the most threatening manifestation of these naturalistic inclinations was 
the growing tendency of some philosophers to make a distinction between 
“speaking philosophically” and “speaking theologically” and, what is 
much worse, to acknowledge that philosophical and theological methods 
might lead to incompatible conclusions. 

The advocates of the new methods no doubt saw the introduction of 
philosophical rigor into theological debate as a great step forward, But to 
the traditionalists, this seemed to be a serious case of insubordination and 
a violation of traditional distinctions between the enterprises of philoso- 
phy and theology. Viewed in the worst light, it appeared that Jerusalem was 
being asked to yield to the authority of Athens. 
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ently, some of the most influential philosophical treatises of the 
‘Ages were written by scholars who were teaching philosophy while 
dying theology.” 

“some Of the leading figures, by the middle of the century, were 
ciscans or Dominicans—members, that is, of the mendicant orders 
qed early in the thirteenth century. The mendicants were “regular 
ay," because they lived under a regula or rule (which included a vow 
unlike “secular clergy” (such as parish priests) who did not. In 
ast to the monastic orders, which stressed withdrawal from the world 
the pursuit of personal holiness, the mendicants were committed to an 
ve ministry within an urban setting; this eventually propelled them 
nto the educational arena, including the universities, where they be- 
vame actively involved in all of the great philosophical and theological 

sics 

‘These institutional details contributed in subtle ways to the intellectual 
developments with which we are concerned. The struggles surrounding 
“the new learning were not purely ideological, but were complicated by 
disciplinary and institutional affiliations and rivalries. Philosophers and 
“theologians were united by the educational experience of the arts faculty; 
‘put this did not prevent them from skirmishing periodically over disciplin- 
ary boundaries, Within theology, the mendicants were locked for a time in 
a power struggle with secular theologians at the University of Paris over 
the right to hold professorial chairs. And within the mendicant orders, 
_Fränciscariš and Dominicans developed somewhat different philosophical 
loyalties and characteristic approaches to the problem of faith and reason. 
If we wish to gain a nuanced understanding of the course of events, we 
need to be sensitive to these disciplinary and institutional undercurrents. 


Fig. 10.2. The Basilica of St. Francis, Assisi. Begun within a few years of Francis’s teuth in 1444 
to contain his tomb, this church became the “head and mother” of the Franciscan urder afi 
an important pilgrimage site. Courtesy of Christopher Kleinhenz. 


Before considering thirteenth-century atempts to resolve these dificul- RESOLUTIONSSCIENCEAS MAIDEN 


ties, we must briefly examine the institutional framework within which the 
attempts took place. The debates over the new Aristotle were scholariy.in 
nature, and all of the participants were products of the universities, Many 


Despite the dangers that we have recounted, Aristotelian philosophy proved 
{00 attractive to ignore or suppress permanently. Since the translations of 
Boethius early in the sixth century, Aristotle's name had been synonymous 


were active teachers; others were university alumni who had ascended t -with logic, and that logic had insinuated itself deeply into scholarship on 
positions of leadership and authority in the church. It will help us to under almost every subject; now an enlarged corpus of Aristotelian logic was 
stand the persistent medieval tendency to mingle philosophy and theology available and ready to go to work. Aspects of Aristotelian metaphysics had 
if we grasp the career patterns of the university scholar: virtually all theo- also filtered through the literature of the early Middle Ages, and now, with 
logians had studied philosophy in the arts faculty before embarking on: access to the full Aristotelian text, Western scholars had in their hands a 
| theological studies; moreover, theological students frequently found them- powerful engine for understanding and analyzing their universe. Form, 


| selves teaching simultaneously in the faculty of arts, as a means of Support Matter, and substance, actuality and potentiality, the four causes, the four 
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elements, contraries, nature, change, purpose, quantity, quality, 
space—Aristotle's discussion of all of these topics, and More, furnished 

persuasive conceptual framework through which to experience and ralk 
about the world. In his various psychological works Aristotle treated. 
soul and its faculties, including sense perception, memory, im: 

and cognition. He also offered a cosmology, in which the unive: 
convincingly mapped and its operation explained, from the. out 


heaven to the earth at the center. Aristotle gave an account of Motion, oF 


what we would call matter theory, and of meteorological phenomena that 
went far beyond anything previously available. And finally, he offered q 
biological corpus unmatched for size and for descriptive and exp 

detail. It was inconceivable that these intellectual treasures would he 
simply repudiated; and there was never a serious movement with that aS its 
aim. The problem was not how to eradicate Aristotelian influence, but how 
to domesticate it—how to deal with points of conflict and to negotiate 
boundaries, so that Aristotelian philosophy could be put to work on, behalf 
of Christendom. 

The process of reconciliation began as soon as the works of Aristotle 
and his commentators became available. An early attempt was made by 
Robert Grosseteste (ca. 1168-1253), a formidable Oxford scholar and first 
chancellor of the university; though not himself a Franciscan, Grosseteste 
was the first lecturer in the Franciscan school at Oxford, thereby exercis- 
ing a formative influence on the intellectual life of the Order, Grosseteste’s 
commentary on Aristotle’s Posterior Analytics, written probably in the 
1220s, was one of the earliest efforts to deal seriously with Aristotle’s scien- 
tific method." Grosseteste was also acquainted with Aristotle's Physics; 
Metaphysics, Meteorology, and biological works; he reveals their influence 
in his commentary on the Physics and in a series of short treatises on varl- 
ous physical subjects. However, Grosseteste’s intellectual formation was 
strongly shaped by Platonic and Neoplatonic influences, and also by some 
of the newly translated works on mathematical science, and in his phiysi- 
cal works we find a rather uneasy juxtaposition of Aristotelian and non- 
Aristotelian elements. Grosseteste’s cosmogony (his account of the origin 
of the cosmos), for example, while set within a broadly Aristotelian frame- 
work, should be seen primarily as an attempt to reconcile Neoplatonic em- 
anationism (the idea that the created universe emanated from God, as light 
emanates from the sun) with the biblical account of creation ex nibilo.” 

Important aspects of Grosseteste’s program were continued by a 
younger Englishman, Roger Bacon (ca. 1220—ca. 1292). An admirer of 
Grosseteste (but probably never his student), Bacon was inspired by 
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Fig, 10.3. The skeleton of Robert Grosseteste. Sketched when Grosseteste’s romb in Lincoln 
Cathedral was opened in 1782, this is one of a very few drawings ofa medieval scholar pre- 
pared, so to speak, “from life.” Shown with the skeleton are the other items found in the 
Coffin, including the episcopal ring and the remains of the pastoral staff. For a fuller descrip- 
tion, see D. A. Callus, ed., Robert Grosseteste, Scholar and Bisbop, pp. 246-50. By permission 
Of The Narural History Museum, London. 
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Grosseteste’s scholarly example, especially his mastery of the mathemati 
cal sciences. The details of Bacon’s education are obscure, but it is cl 4 
that he studied at both Oxford and Paris. He began to teach in the facul a 
arts at Paris in the 1240s, where he was one of the first to lecture on a 
todle’s books on natural philosophy—specifically, the Metaphysics, Posted 
On Sense and the Sensible; probably On Generation and Corrupiicy, 
(which deals with theory of matter), On the Soul, and On Animals, a 
perhaps On the Heavens.” Later he joined the Franciscan order and pa 
the remainder of his life in study and writing. 

We will deal with various aspects of Bacon's scientific thought in subse- 
quent chapters; what is important here is his campaign to save the new 
learning from its critics. Bacon's major scientific writings were not “pure” 
pieces of philosophy or science, but passionate attempts to persuade the 
church hierarchy (these works were addressed to the pope) of the utility 
of the new learning—not just Aristotelian philosophy, but the totality of 
new literature on natural philosophy, mathematical science, and medicine, 

Bacon argued that the new philosophy is a divine gift, capable of Proving 
the articles of the faith and persuading the unconverted, that Scientific 
knowledge contributes vitally to the interpretation of Scripture, that aş- 
tronomy is essential for establishing the religious calendar, that astrology 
enables us to predict the future, that “experimental science” teaches us 
how to prolong life, and that optics enables us to create devices that will 
terrorize unbelievers and lead to their conversion. The object of Bacon’s 
campaign was to take the handmaiden formula of Augustine and apply it to 

new circumstances, in which the quantity of purported knowledge waiting 

to be enlisted as handmaiden was vastly larger and more complicated.” 

The natural sciences were thus justified by their religious utility. There is 

“one perfect wisdom,” Bacon argued in his Opus maius, 


and this is contained in holy Scripture, in which all truth is 
rooted. I say, therefore, that one discipline is mistress of the 
others—namely, theology, for which the others are integral 
necessities and which cannot achieve its ends without them. 
And it lays claim to their virtues and subordinates them to its 
nod and command,'* 


Theology does not oppress the sciences, in Bacon’s view, but puts them to 
work, directing them to their proper end, 

As for the points of alleged conflict with Christian belief, Bacon dis- 
missed them as problems arising from faulty translation or ignorant inter- 
pretation; if philosophy is truly God-given, there can be no genuine 
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conflict between it and the articles of the faith. To reinforce this point, 
pacon marshaled the authority of Augustine and other patristic writers 
who urged Christians to reclaim philosophy from its pagan possessors. 
And just in case these arguments failed, he shouted down the critics with a 
blast of rhetoric about the wonders of science. 

Despite Bacon’s enthusiasm, a cautious attitude toward the new philoso- 
phy, especially the new Aristotle, became typical of the Franciscan order 
about mid-century. One of the people most instrumental in shaping this 
attitude was the Italian Franciscan Bonaventure (ca. 1217-74). Bonaven- 
ture studied both the liberal arts and theology at the University of Paris, 
then remained to teach theology from 1254 to 1257, resigning to become 
minister general of the Franciscan order. There can be no doubt that Bona- 
venture respected Aristotelian philosophy, drawing his logic and much of 
his metaphysics from it; but, like Grosseteste and Bacon, he was heavily 
influenced by Augustine and the Neoplatonic tradition, and in his thought 
we find a rich synthesis of Aristotelian and non-Aristotelian elements. 

Bonaventure certainly agreed with Bacon on the validity and appli- 
cability of Augustine’s handmaiden formula: pagan philosophy was an in- 
strument, to be used for the benefit of theology and religion, But he was 
much more cautious than Bacon about the utility of philosophy and more 
sharply aware of the risks of promoting it. He was pessimistic about the 
capacity of reason alone, without the assistance of divine illumination, to 
discover truth; and as a result, he was apt to keep philosophy on a short 
leash and quick to abandon Aristotle or his commentators on any issue 
where they departed from the teachings of revelation. Thus he flatly re- 
jected any possibility of an eternal world; he defended the immortality of 
the individual soul, dismissing monopsychism and arguing that each soul 
iş itself a substance (a composite of spiritual form and spiritual matter) that 
survives the dissolution of the body; and he vigorously fought any sugges- 
tion of astrological determinism. Finally, in opposition to Aristotelian natu- 
ralism, Bonaventure stressed God’s providential participation in every case 
of cause and effect.” 

In the careers of Grosseteste, Bacon, and Bonaventure we can see sev- 
eral important tendencies of the early and middle years of the thirteenth 
century: growing knowledge of the Aristotelian corpus, a mixture of admi- 
ration and suspicion about its contents, and a tendency to read various Au- 
gustinian or Platonic ideas into the Aristotelian text. Two Dominicans 
active in the middle and later years of the century, Albert the Great and 
Thomas Aquinas, contributed to a much fuller mastery of Aristotelian phi- 
losophy and a more open attitude toward its claims. 


Fig. 10.4. albert the Great, Fresco by Tommaso da Mi 
F ) N y odena 12), N 
San Niccolò, Treviso. Alinari/Art Resource N.Y, PS eae 


German by birth, Albert the Great (ca, 1200-1280) was educated! at 
Padua and the Dominican school in Cologne. In the early 1240s he was 
sent to Paris to study theology, becoming master of theology in 1245. For 
the next three years he occupied one of the two Dominican professorships 
at Paris. Thomas Aquinas studied under him during this period, and when 
Albert was called back to Cologne in 1248 to reorganize the Dominican 
school there, Thomas accompanied him. Most of Albert's Aristotelian com- 
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ies were composed after his departure from Paris; they are not (ex- 
t for his commentary on Aristotle's Ztbics) the products of Albert's 
aching, but extracurricular writings intended for the benefit of Domin- 
ican friars.” 

Albert was the first to offer a comprehensive interpretation of Aristotle’s 
‘shilosophy in Western Christendom; on these grounds, he is often re- 
arded as the effective founder of Christian Aristotelianism. This should 
‘qur be taken to mean that Albert achieved philosophical purity; some of his 
early commentaries were devoted to Neoplatonic authors, and to the end 
of his life he retained allegiance to portions of Platonic philosophy; more- 
‘over, he was always ready to correct or discard Aristotelian doctrines that 
‘he considered false and to introduce pieces of truth found elsewhere. 
Nonetheless, Albert perceived the profound significance of Aristotelian phi- 
losophy and set out to interpret the whole of it for his fellow Dominicans. 
In the prologue to his commentary on Aristotle's Physics, he explained: 


Our purpose . . . is to satisfy as far as we can those brethren 
of our order who for many years now have begged us to com- 
pose for them a book on physics in which they might find a 
complete exposition of natural science and from which also 
they might be able to understand correctly the books of 
Aristotle.” 


Albert responded not only with a Physics commentary but with commen- 
tries on, or paraphrases of, all available Aristotelian books—an out- 
put that occupies twelve fat volumes (more than 8,000 pages) in the 
nineteenth-century edition of Albert’s works. Included in these commen- 
taries are long digressions, in which Albert lays out the results of his own 
investigations and reflections. Nobody before Albert had given the Aristo- 
telian corpus this kind of painstaking attention, and few have done it since. 
His purpose in doing so was to exhibit and make available the explana- 
tory power of Aristotelian philosophy, which he regarded as the necessary 
preparation for theological studies. He had no intention of releasing Aris- 
totelian philosophy from handmaiden status, but he did mean to give it 
substantially larger responsibilities. Among Albert's contemporaries, only 
Roger Bacon had as grand a vision of the importance of the new learning 
for the practice of theology; but, apart from his youthful lectures on Aris- 
totle at Paris, Bacon devoted his best efforts to the mathematical sciences 
(especially optics) and the writing of propaganda on behalf of the new 
learning in general, while Albert committed himself to the work of master- 
ing and interpreting the Aristotelian corpus. Historians have tended to 
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honor those who broke with the Aristotelian tradition; Albert desery 
attention and respect as the man who put Western Christendom in oa 
with the Aristotelian tradition. a 
At the same time, Albert recognized his obligation to supple 
Aristotelian text on subjects that Aristotle had Rese oer 
perficially, and to correct Aristotle wherever he was wrong; though ‘sae 
ily impressed by Aristotle’s achievement, Albert was never témpted x 
become his slave. To this end, Albert read everything he could jay sas 
hands on: he was heavily dependent on Avicenna; he knew the works OF 
Plato, Euclid, Galen (to a limited degree), al-Kindi, Averroes, Constantine 
the African, and a host of other Greek, Arabic, and Latin authors. Ang he 
brought these other sources to bear, whenever they were relevant, on the 
problems that he confronted as he interpreted the Aristotelian texta 
Albert was also a remarkably acute firsthand observer of plant and ani- 
mal life: for example, he corrected Avicenna regarding the mating of par- 
tridges on the basis of personal observation and reported that he had 
visited a certain eagle's nest six years in a row; and he was perhaps the best 
field botanist of the entire Middle Ages.® His intellectual energy was 
boundless, and his nontheological writings (less than half the total) in 
clude works on physics, astronomy, astrology, alchemy, mineralogy, phys. 
iology, psychology, medicine, natural history, logic, and mathematics, The 
authority with which he could address any subject explains why Albert was 
teferred to as “the great” already during his lifetime; it also helps to ex: 
plain why Roger Bacon (who was intolerant of intellectual rivals) viewed 
him with such hostility, 

What did Albert have to say about the sensitive Aristotelian doctrines that 
had led to the banning of Aristotle early in the century and still threatened 
the acceptance of his works? On the critical problem of the eternity of the 
world, Albert never wavered in his commitment to the Christian doctrine 
of creation. His early view was that philosophy is incapable of addressing 
this issue definitively, so that one's obligation is simply to accept the teach- 
ing of revelation. Later he became convinced that the idea of an eternal 
universe is philosophically absurd, so that philosophy could settle the mat- 
ter without theological assistance. In neither case did philosophy (prap- 
erly practiced) and theology find themselves at odds. 

Albert devoted substantially more attention to the nature of the human 
soul and its faculties. The trick was to account for the soul as a separate 
immortal substance, independent of the body and able to survive its death, 
while also accounting for the unification of the soul with the body, as the 
agent of perception and vitality. Albert could see no way of defending the 
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lity of the soul without denying Aristotle's claim that the soul is 

the form of the body; in its place, he substituted the opinion of Plato and 

-avicen2, that the soul is a spiritual and immortal substance, separable 

fyomthe body. It was not necessary, however, to repudiate Aristotle totally: 

albert argued that although soul is not actually the form of the body, it 
ims the functions of form.” 

finally, how did Albert respond to the “rationalism” of Aristotelian phi- 
Josophy—the commitment, that is, to the application of philosophical 
nethod in all areas of human enterprise? In setting himself the task of 
showing his colleagues how to Sook at the world through Aristotelian eyes, 
Albert was committing himself to a fairly strong form of the rationalist pro- 

ant, He proposed to distinguish between philosophy and theology on 
jnethodological grounds and to find out what philosophy alone, without 
uny help from theology, could demonstrate about reality. Moreover, Albert 
did nothing to diminish or conceal the “naturalistic” tendencies of the Ar- 
jtotelian tradition. He acknowledged (with every other medieval thinker) 
that God is ultimately the cause of everything, but he argued that God cus- 
tomarily works through natural causes and that the natural philosopher's 
obligation was to take the latter to their limit. What is remarkable is Albert's 
willingness to adhere to this methodological prescription even in his dis- 
cussion of a biblical miracle—Noah’s flood. Noting that some people wish 
to confine the discussion of floods (including Noah’s) to a statement of di- 
vine will, Albert pointed out that God employs natural causes to accom- 
plish his purposes; and the philosopher's task is not to investigate the 
causes of God's will, but to inquire into the natural causes by which God's 
will produces its effect. To introduce divine causality into a philosophical 
discussion of Noah's flood would be a violation of the proper boundaries 
between philosophy and theology.” 

Albert's program of understanding and disseminating Aristotelian phi- 
losophy, while respecting its utility for theology and religion, was con- 
tinued by his pupil Thomas Aquinas (ca. 1224-74). Thomas, who was born 
into the minor nobility in south-central Italy, received his first education at 
the ancient Benedictine Abbey of Monte Cassino (founded by Benedict of 
Nursia in the sixth century); he continued his studies in the faculty of arts 
atthe University of Naples, where he was introduced to Aristotelian philos- 
phy. After joining the Dominican order, Thornas was sent to Paris, earning 
the theological doctorate there in 1256. He devoted the remainder of his 
life to teaching and writing, including two stints teaching theology at Paris, 
1257—59 and 1269-72. 

Like Albert, Thomas hoped to solve the problem of faith and reason by 
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defining the proper relationship between pagan learnin; 
8 and Christi 
theology.* Against those who would dismiss phil a 
philosophy as co: trary 
faith, he argued that piy ae contrary OA 


even though the natural light of the human mind [i.e., philos- 
ophy] is inadequate to make known what is revealed by faith, 
nevertheless what is divinely taught to us by faith cannot be A 
contrary to what we are endowed with by nature, One or 

the other would have to be false, and since we have both of 
them from God, he would be the cause of our error, which is 
impossible.” 


Aristotelian philosophy and Christian theology, though methodologicalh 

distinct, are compatible roads to truth. Philosophy employs the natural had 
man faculties of sense and reason to arrive at such truths as it can, Theol- 
ogy offers access to truths given by revelation that go beyond our natural 
capacities to discover and understand, The two roads may sometimes lead 
to different truths, but they never lead to contradictory truths. 

Does this mean that philosophy and theology are equals? Certainly not. 
Thomas points out that theology is to philosophy as the complete to the 
incomplete, the perfect to the imperfect. If this is so, why go to the trouble 
of doing philosophy? Because it renders vital services to the faith. In the 
first place, it can demonstrate what Thomas calls “the preambles of the 
faith" —certain propositions, such as God's existence or his unity, which 
faith takes for granted as its starting points. Second, philosophy can eluci- 
date the truths of the faith by the use of analogies drawn from the natural 
world; Thomas refers to the doctrine of the trinity as a case in point. And 
third, philosophy can disprove objections to the faith. 

This may seem like a simple reassertion of the Augustinian handmaiden 
formula, but in fact Thomas has subtly but significantly altered its content, 
The handmaiden named “philosophy” is still subordinate to the theologi- 
cal enterprise, and therefore still a handmaiden; but in Thomas’s view, she 
has amply demonstrated her usefulness and her reliability, and he there: 
fore offers her enlarged responsibilities and elevated status. Thomas also 
thinks she will do her job better if relieved of overly close theological 
supervision. Philosophy and theology both have their spheres of compe 
tence, he argues, and each can be trusted within its proper sphere: if we 

wish to know the details or causes of planetary motion, for example, we 
must look to the philosophers; on the other hand, if we wish to understand 
the divine attributes or the plan of salvation, we must be prepared to enter 
the precincts of theology. In Thomas there is a respect for the philosophi- 
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eal enterprise, and a determination to employ it whenever possible, that 
takes him beyond the Augustinian position and places him in the forefront 
othe libéral or progressive wing of theologians in the second half of the 
ghirteenth century. 

Despite the methodological differences between philosophy and theol- 
ogy, there are regions where they overlap. For example, the existence of 


‘the Creator is known both by reason and by revelation; it can be proved 


py the philosopher, but it is also given to us by Scripture, as expounded by 
the theologian. What rules govern the relations of theology and philoso- 

jn such cases? The fundamental principle is that there can be no true 
conflict between theology and philosophy, since both revelation and our 
rational capacities are God-given. Any conflict must, therefore, be apparent 
rather than real—the result of bad philosophy or bad theology. The rem- 
edy in such cases is to reconsider both the philosophical and the theologi- 
cal argument. 

How did this prescription work itself out in Thomas's practice? In par- 
ticular, how successfully was it applied to the troublesome Aristotelian 
doctrines enumerated in the preceding section of this chapter? The short 
answer is that Thomas confronted all of the problems raised by Aristo- 
telian philosophy, and did so with extraordinary rigor. He directly ad- 
dressed the Aristotelian controversies in two books: On the Eternity of the 
World and On the Unicity of the Intellect, against the Averroists (concerned 
with monopsychism and the nature of the soul). His position on the eter- 
nity of the world was that we know, thanks to revelation, that the world was 
created at a point in time, but that philosophy cannot settle the matter one 
way or the other. Those (like Bonaventure) who argued that the eternity of 
the world was philosophically absurd were wrong, for it is not contradic- 
tory to maintain that the universe is created (that is, dependent on divine 
cteative power for its existence) and yet that it has existed eternally. On the 
nature of the soul, Thomas agreed with Aristotle that the soul is the sub- 
stantial form of the body (that which combines with the matter of the body 
tọ produce the individual human being); but he argued that this form is a 
special kind of form, capable of existing independently of the body and 
therefore imperishable. He also claimed that this solution was compatible 
with Aristotle's own thought.” 

This, then, is Thomas’s solution to the problem of faith and reason. He 
has made room for both, subtly merging Christian theology and Aristo- 
telian philosophy into what we may call “Christian Aristotelianism.” In the 
process it was necessary for Thomas to Christianize Aristotle, by confront- 
ing and wrestling with the Aristotelian doctrines that appeared to conflict 
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with the teachings of revelation and correcting Aristotle where 

fallen into error; at the same time he “Aristotelianized” Chinini ‘ 3 
porting major portions of Aristotelian metaphysics and natural phil BA 
into Christian theology, In the long run (in the nineteenth c Bi 
Thomism came to represent the official position of the Catholic Pris i 
the short run, as we shall see, Thomas was viewed by theologians bi 
conservative persuasion as a dangerous radical, ofan 


RADICAL ARISTOTELIANISM AND THE 
CONDEMNATIONS OF 1270 AND 1277 


Albert the Great and Thomas Aquinas were the leaders of a liberal in, 

ment, which favored a robust philosophy. But however robust philose oe 
might become, it would, in their view, forever remain a handmaiden, pe! 
son would never be allowed to prevail over revelation, Albert and Thomas 
pushed philosophy as far as it would go, but they never gave up on a ER 
sophical problem until reason and faith had been harmonized. g 

But how robust can a handmaiden become before she begins to think 
about insubordination or insurrection?” When biblical miracles are re 
duced to their natural causes, as in Albert's discussion of Noah's flood, 
aren’t things already out of hand? These were the concerns of conservative 
theologians, observing developments at Paris. And, as it turns out, their 
fears were not entirely groundless. Our evidence is fragmentary, but itis 
apparent that while Albert and Thomas were harmonizing philosophy and 
theology, certain masters of arts began to teach dangerous philosophical 
doctrines, without regard for their theological consequences. These were 
committed philosophers, aggressively practicing their trade and recogniz- 
ing no need to yield, or even pay attention, to any outside authority. The 
harmonization of philosophy and theology was not their problem. 

The best known of this radical faction, and its leader, was Siger of Bra- 
bant (ca. 1240-84). Siger, a brash young master of arts, began his teaching 
career defending the eternity of the world and Averroistic monopsychism, 
with its dangerous implications for personal immortality. His aim was to 
do philosophy without so much as a glance at theological teaching on any 
of the subjects touched, and he maintained that the conclusions he reached 
were the necessary and inevitable conclusions of philosophy, properly 
practiced. After the appearance of Thomas's treatise On the Unicity of the 
Intellect, which was directed specifically at his teaching, Siger modified 
his position on the nature of the soul, bringing it into conformity with 
orthodox Christian teaching." Older and wiser after this run-in with the 
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jhedlogians, Siger was thereafter careful to make clear that although his 
philosophical conclusions were not wrong, but in fact necessary philo- 

hical conclusions, nonetheless they need not be true; when it came to 
uth, he affirmed the articles of the faith. Historians have been divided 
over whether to take this profession of faith at face value or to conclude 
ghar Siger was merely attempting to placate the ecclesiastical power struc- 
mre Either way, the dangerous implications of Siger’s public position are 
glean: philosophical inquiry properly conducted can lead to conclusions 
that contradict those of theology. 

The position of the radicals is nicely illustrated by a little treatise, On the 
Eternity of the World, written by Boethius of Dacia (fl. 1270), a member of 
siger’s circle. One of the most striking characteristics of this work is its 
tigorous separation of philosophical and theological argument. Boethius 
systematically assembled and then refuted the philosophical arguments 
that had been used to defend the Christian doctrine of creation against the 
Aristotelians. He proceeded to demonstrate that the philosopher, speaking 
asa philosopher, had no alternative but to defend the eternity of the world. 
He made clear, however, that according to theology and faith he himself 
accepted the doctrine of creation, as any Christian must. 

Boethius thus yielded in the end to the articles of the faith, but in the 
meantime he displayed an intensely rationalistic orientation. He argued 
that there is no question capable of rational investigation that the philoso- 
pher is not entitled to investigate and resolve. “It belongs to the philoso- 
pher,” he wrote, 


to determine every question which can be disputed by reason; 
for every question which can be disputed by rational argu- 
ments falls within some part of being. But the philosopher 
investigates all being—natural, mathematical, and divine. 
Therefore it belongs to the philosopher to determine every 
question which can be disputed by rational arguments. 


Boethius went on to argue that the natural philosopher cannot even con- 
sider the possibility of creation, because to do so would introduce 
supernatural principles that are out of place in the philosophical realm. 
Likewise the philosopher denies the resurrection of the dead, because ac- 
cording to natural causes (to which the natural philosopher limits himself) 
such a thing is impossible.” 

This is an attempt, impressive for its rigor, to follow philosophical argu- 
ment to its logical conclusion, without regard for the faith, while still ac- 
knowledging the ultimate authority of theology. However, nobody should 
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be surprised to learn that the theological faculty and the religious authori- 
ties were neither convinced nor pleased, but regarded Siger, Boethius, and 
their group as a growing menace. If philosophy was consistently going t0 
reach conclusions at odds with the faith, it could no longer be regarded as 
a faithful handmaiden, rather, it began to appear as a hostile force and @ 
threat requiring decisive action. 

That decisive action came in two condemnations issued by the bishop of 
Paris, Etienne Tempier, in 1270 and 1277. The former condemned thirteen 
philosophical propositions allegedly taught by Siger and his fellow radi- 
cals in the faculty of arts. Coming, as it apparently did, with the encourage- 
ment of both Bonaventure and Thomas Aquinas, this condemnation 
represents a reaction by the theological establishment to the activities of 
the radical fringe in the faculty of arts. By 1277, the menace seemed 
broader and more serious: it was clear by this time that the earlier con- 
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apation had not stamped out radical Aristotelianism, and conservatives 
hin the faculty of theology moved with increased vigor to meet what 
3 perceived as a growing threat. Indeed, there was a tendency among 
conservatives to view everybody significantly more liberal than them- 
es as dangerous; the result was the issuance (on the third anniversary 
“of Aquinas's death) of a greatly enlarged list of forbidden propositions, 219 
all, the teaching of which was declared grounds for excommunication. 
included in this list were fifteen or twenty propositions drawn from the 
teaching of Aquinas. Let us pause to examine the content of some of the 
eondernned propositions and the import of Tempier’s action?” 

The obviously dangerous elements of Aristotelian philosophy are all 
represented on Tempier’s two lists of forbidden propositions: the eternity 
ofthe world, monopsychism, denial of personal immortality, determinism, 
denial of divine providence, and denial of free will. The rationalistic ten- 
dencies of Siger and the radicals are also explicitly targeted: after 1277 it is 
forbidden, for example, to proclaim the right of philosophers to resolve all 
disputes on subjects to which rational methods are applicable; or to main- 
tain that reliance on authority never yields certainty. The naturalism of the 
Aristotelian tradition also figured prominently in the condemnation of 
7277: Tempier condemned the opinion that secondary causes are autono- 
mous; so that they would continue to act even if the first cause (God) were 
to cease to participate; also the claim that God could not have created a 
man (an obvious reference to Adam) except through the agency of another 
man; and the methodological principle that natural philosophers, because 
they restrict their attention to natural causes, are entitled to deny the crea- 
tion of the world. 

This is the sort of list of condemned propositions we might have ex- 
pected. But in addition the condemnation of 1277 included a heterogene- 
us assortment of other propositions that impinge in various ways on 
natural philosophy. Several astrological propositions were condemned: 
that the heavens influence the soul as well as the body and that events will 
repeat themselves in 36,000 years, when the celestial bodies return to their 
present configuration. Also forbidden was the claim that the celestial 
spheres are moved by souls. A particularly important set of condemned 
propositions—important because of their implications for fourteenth- 
century debates—dealt with things that God allegedly could not do, be- 
cause Aristotelian philosophy had demonstrated their impossibility. It was 
apparently being argued by philosophers that God could not have created 
additional universes (Aristotle had argued that multiple universes are im- 
possible), that God could not move the outermost heaven of this universe 
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in a straight line (because a vacuum, which Aristotelian Philosophy tule 
out, would thus be left behind in the vacated space); and that God 

not create an accident without a subject (for example, redness without 
something to be red). All of these propositions were condemned in RF 
on the grounds that they fly in the face of divine freedom and Omni o 
tence. The position of Tempier, or of those who formulated the list or 
propositions on his behalf, was that Aristotle and the philosophers must 
not be allowed to place a lid on God's freedom or power to act; God en 
do anything that involves no logical contradiction, including create mul- 
tiple universes or accidents without subjects. 

What can we learn from these events? The condemnations have been 
much discussed and their importance often inflated or misunderstood. 
Pierre Duhem, writing early in the twentieth century, saw the condemna- 
tion of 1277 as an attack on entrenched Aristotelianism, especially Aristo. 
telian physics, and therefore as the birth certificate of modern science, This 
is a clever interpretation, and it is not entirely wrong: there can be no 
doubt (as we shall see below) that the condemnations encouraged schol. 
ars to explore non-Aristotelian physical and cosmological alternatives," 
But to place the emphasis here is to miss the primary significance of the 
condemnations, Duhem viewed the condemnations as the key event in 
the shattering of Aristotelian orthodoxy, but in 1277 no such orthodoxy 
existed; the boundaries and the power relationship between Aristotelian 
philosophy and Christian theology were still being negotiated, and the de 
gree to which Aristotelianism would acquire the status of orthodoxy was 
not yet clear. 

Or to express the same point a little differently, the condemnations are 
significant not so much for the effect they had on the future course of natu- 
ral philosophy as for what they tell us about what had already occurred. 
Coming at the end of nearly a century of struggle over the new learning, 
the condemnations represent a conservative backlash against liberal and 
radical efforts to extend the reach and secure the autonomy of philosophy, 
especially Aristotle’s philosophy. They reveal the extent of that reach and 
the power of the opposition—the fact that a sizable and influential group 
of traditionalists was not yet ready to accept the brave new world proposed. 
by the liberal, and especially the radical, Aristotelians. Thus, to put the 
event in its proper light, the condemnations represent a victory not for 
modern science but for conservative thirteenth-century theology. The con- 
demnations were a ringing declaration of the subordination of philosophy 
to theology. 

They were also an attack on Aristotelian determinism ard a declaration 
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ordivine freedom and omnipotence. We have noted that a number of the 
R tionis condemned in 1277 dealt with things that God could not 
peropest example, endow the heaven with rectilinear motion (on the 

ds that a vacuum, which Aristotelian philosophy forbids, would 
“thereby be created in the vacated space). In condemning this proposition, 
Templer certainly did not mean to debate a point of natural philosophy 
with Aristotle but to announce that whatever the natural state of things 
might be (and we may presume that he accepted Aristotle’s account of 
this), God has the power to intervene, should he wish; a vacuum may not 
exist naturally, but it can surely exist supernaturally; it may not exist in this 
universe, but a free and omnipotent God could have created a different 
universe.” Aristotle had attempted to describe the world not simply as it is, 
butas it must be. In 1277 Tempier declared, in opposition to Aristotle, that 
the world is whatever its omnipotent Creator chose to make it” 

What were the implications of these theological points for the practice 
of natural philosophy? In the first place, certain articles in the condemna- 
tions raised new and pressing questions, which required further analysis. 
For example, the claim that God could supernaturally create accidents 
without subjects (important because it impinged on the doctrine of tran- 
substantiation )}* provoked serious debate about a fundamental point in Ar- 
istotelian metaphysics—the nature and relationship of accidents and their 
subjects. The anti-astrological article condemning the idea that history will 
repeat itself every 36,000 years, when the planetary bodies return to their 
original configuration, provoked Nicole Oresme (ca. 1320—82) to write an 
entire mathematical treatise in which he explored questions of commen- 
surability and incommensurability and demonstrated the unlikelihood of 
all the planetary bodies returning to their original configuration within a 
finite period of time. Articles about the celestial movers gave rise to ani- 
mated debates about this important feature of cosmic operation. And the 
articles that stressed God’s unlimited creative power gave license to all 
manner of speculations about possible worlds and imaginary states of af- 
fairs that it was evidently within God's power to create. This led to an ava- 
lanche of speculative or hypothetical natural philosophy in the fourteenth 
century, in the course of which various principles of Aristotelian natural 
philosophy were clarified, criticized, or rejected.” 

Second, many of the articles in the condemnations were motivated by 
concern over the element of necessity that Aristotle had attached to his 
fatural philosophy—the claim that things cannot be otherwise than they 
are. When Aristotelian necessity was forced to yield before claims of divine 
omnipotence, other Aristotelian principles immediately became vulner- 
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able. For example, the mere possibility that God could create other unis 
verses outside our own requires a conception of space outside our 
universe compatible with that possibility. Consequently, in the aftermath of 
the condemnations, many scholars came to agree that there must be a void 
space, perhaps even an infinite void space, outside the cosmos Suited to. 
receive these possible universes. Likewise, if it is supernaturally possible 
for the outermost heaven or perhaps the entire cosmos to be moved in a 
straight line, it follows that motion must be the kind of thing that can be 
meaningfully applied to the outermost heaven or the cosmos as a whole. 
But Aristotle had defined motion in terms of surrounding bodies, and 
there is nothing outside the outermost heaven to surround it. It is evi- 
dent, therefore, that Aristotle’s definition of motion requires revision or 
correction.” 


THE RELATIONS OF PHILOSOPHY AND THEOLOGY AFTER 1277 


The condemnations are important as benchmarks in the gradual assimila- 
tion of Aristotelian philosophy by medieval Christendom. They reveal the 
strength of conservative sentiment in the 1270s and signal a provisional 
conservative victory. But it may be well to pause and consider precisely 
what had been won. 

In the first place, even the most conservative of those involved in pro- 
mulgating the condemnations were not aiming for the elimination of Aris: 
totelian philosophy. Their purpose was merely to administer a healthy 
dose of discipline, which would unforgettably remind philosophy of her 
handmaiden status, while at the same time settling certain points of dis- 
pute. Second, although this was, strictly speaking, a local victory (since 
Tempier's decree was formally binding only in Paris), its influence was, in 
fact, substantially wider. For one thing, Paris was the premier European 
university for theological studies (the only one on the Continent at the 
time), and a decree such as this would inevitably have reverberations 
throughout Christendom. For another, the pope was known to be in touch 
with Parisian developments, concerned about the dangers of radical Arise 
totelianism, and possibly willing to intervene on behalf of the conset- 
vatives. Moreover, eleven days after Tempier promulgated his 1277 decree, 
the archbishop of Canterbury, Robert Kilwardby, issued a smaller, but in 
many respects similar, condemnation applicable to all of England. And in 
1284 Kilwardby's decree was renewed by his successor as archbishop of 
Canterbury, the Franciscan John Pecham, an old adversary of Aquinas and 
one of the leaders among the traditionalists. 
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tye have no exact knowledge about the force of the condemnations late 
jn the thirteenth century or early in the fourteenth; we can assume that 
heir power to compel obedience and to shape philosophical thought var- 
jed widely. By 1323 Thomas Aquinas's reputation had recovered to the 
int where Pope John XXII could elevate him to sainthood; and in 1325 
the bishop of Paris revoked all articles of the condemnation of 1277 appli- 
cable to Thomas's teaching. Nonetheless, we can still detect the shadow of 
the condemnations a century after their promulgation. John Buridan, a Pa- 
risian master of arts and twice rector of the university, who flourished 
grunt! the middle of the fourteenth century, was one of many who con- 
tinued to wrestle with the difficulties posed by the condemnations. Indeed, 
on several occasions Buridan revealed a sharp awareness of the threat of 
theological censure (particularly acute for masters of arts) when his schol- 
arly labors carried him into theological territory. In his Questions on Aris- 
fotle’s Physics, where he found it necessary to comment on the movers of 
the celestial spheres, he concluded by declaring his willingness to yield to 
theological authority: “this I do not say assertively but [tentatively], so that I 
might seek from the theological masters what they might teach me in these 
matters.” And in 1377, a full century after the condemnation, the distin- 
guished Parisian theologian Nicole Oresme defended his opinion that the 
cosmos is surrounded by an infinite void space by advising potential critics 
that “to say the contrary is to maintain an article condemned in Paris.” 

Meanwhile, Aristotelian philosophy had come to stay. It became firmly 
entrenched in the arts curriculum and came more and more to dominate 
undergeaduate education; in 1341 new masters of arts at Paris were re- 
quired to swear that they would teach “the system of Aristotle and his com- 
mentator Averroes, and of the other ancient commentators and expositors 
of the said Aristotle, except in those cases that are contrary to the faith.” At 
the same time Aristotelian philosophy was becoming an indispensable tool 
for practitioners of the advanced disciplines of medicine, law, and theol- 
ogy, and increasingly served as the foundation of serious intellectual effort 
on any subject.” 

It does not follow, however, that an enduring solution to the problem of 
faith and reason had been found. There has been no adequate historical 
analysis of fourteenth-century developments, and it is not possible at this 
time even to draw an adequate sketch. However, a few modest generaliza- 
tions are possible. 

First, there was a rapid growth of epistemological sophistication and a 
broad retreat from the ambitious claims made on behalf of philosophy (by 
liberal and radical Aristotelians) in the thirteen century. The ability of phi- 
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losophy to measure up to traditional Aristotelian standards of certain 
successfully address certain subject matters was increasingly called 
question, as skeptical tendencies asserted themselves, In Particular 
ability of philosophy to address theological doctrine was drastically cur. 
tailed. For example, John Duns Scotus (ca. 1266-1308) and William of 
Ockham (ca. 1285-1347), while not seeking a total separation between 
philosophy and theology, diminished their area of overlap by questioning 
the ability of philosophy to address articles of the faith with demonstrative 
certainty. Deprived of its ability to achieve certainty, philosophy no longer 
threatened theology, at least to the same degree; the articles of the faith 
were not open to philosophical demonstration, but were to be accepted by 
faith alone. In short, a workable peace was produced by compelling phi- 
losophy and theology to disengage—to acknowledge their methouolog): 
cal differences and, on that basis, to accept different spheres of influence 
In the case of natural philosophy, this was clearly a smaller sphere“ 

Second, theologians and natural philosophers in the fourteenth century 
became heavily preoccupied with the theme of divine omnipotence—g 
traditional theme within Christian theology, but one whose importance 
had been reemphasized by the condemnations. If God is absolutely free 
and omnipotent, it follows that the physical world is contingent rather than 
necessary; that is, there is no necessity that it should be what it is, for it is 
dependent solely on the will of God for its form, its mode of Operation, 
and its very existence. The observed order of cause and effect is not neces- 
sary, but freely imposed by divine will. A fire has the power to warm, for 
example, not because fire and warmth are necessarily connected, but be- 
cause God chose to connect them, endowing fire with this power and 
choosing continually to concur as it performs its warming function. God iš 
free, however, to introduce exceptions: when Shadrach, Meshach, and 
Abednego were cast into the fiery furnace without harm, as the book of 
Daniel (chap, 3) recounts, this miracle represented a perfectly permissible 
decision on God's part to suspend the usual order.* 

This much is widely accepted by historians; but two divergent lines of 
argument have developed from it. According to one, if nature does not 
have its own permanently assigned powers but owes its behavior at every 
moment to the (possibly capricious) divine will, the idea of a fixed natural 
order is severely compromised, and serious natural philosophy becomes 
impossible. According to the other, acknowledgment that God could have 
created any world he wished led fourteenth-century natural philosophers 
to perceive that the only way to discover which one he did create is tò g0 


The Recovery and Assimilation of Greek and Islamic Science 243 


and look—that is, to develop an empirical natural philosophy, which 
w usher in modern science. Both arguments require brief 
ent 
‘ie former, which sees the doctrine of divine omnipotence as a destruc- 
jive influence on natural philosophy, exaggerates the level of divine inter- 
se envisioned by medieval natural philosophers—none of whom 
pelieved that God meddled frequently or arbitrarily with the created uni- 
verse A formula that was regularly invoked distinguished between God's 
absolute and ordained power. When we consider God's power absolutely 
prin the abstract, we acknowledge that God is omnipotent and can do as 
he wishes; at the moment of creation there were no factors other than the 
law of noncontradiction limiting the kind of world he might create. But in 
fact we recognize that God chose from among the infinity of possibilities 
open to him and created this world; and, because he is a consistent God, 
we can be confident that he will (but for a rare exception)“ abide by the 
order thus established, and we need not worry about perpetual divine 
tinkering, In short, the infinite scope of God's activity guaranteed by the 
doctrine of divine omnipotence (God's absolute power) was, for practical 
purposes, restricted to the initial act of creation; thereafter, what was at 
issue was God's activity within the existing order (his ordained power). 
This formula was attractive precisely because it safeguarded absolute di- 
vine omnipotence without sacrificing the kind of regularity required for 
serious natural philosophy. 

The latter argument, which finds the origins of experimental science in 
the doctrine of divine omnipotence, is plausible enough. We might expect 
medieval natural philosophers to have recognized that the behavior of a 
contingent world cannot be inferred with certainty from any known set of 
first principles and, therefore, to have set out to develop empirical meth- 
odologies. The only trouble with this conclusion is that the historical 
record does not appear to bear it out. The ringing proclamation of divine 
omnipotence and nature’s contingency, whether in the condemnations or 
in the writings of philosophers and theologians, was not accompanied or 
quickly followed by a dramatic increase in the frequency of observation 
and experiment. Natural philosophers and theologians continued to be- 
lieve that both the world and the proper method for exploring it were 
more or less as Aristotle had described them—though they were pre- 
pared, just as they had always been, to read Aristotle critically and to ques- 
tion this or that detail of Aristotelian natural philosophy or methodology. 
Modern experimental science was still centuries away; when it eventually 
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historical reality. 


emerged, it doubtless owed something to the theological doctrine of gy 

| } vine omnipotence, but to claim a simple causal connection would be 
$ tremely reckless.” This is a problem that requires further anal 
| analysis, if it is to be useful, must respond to the subtlety and co 
| 


ELEVEN 
The Medieval Cosmos 


jn previous chapters we have examined the reception of the new learning 
and the struggles surrounding its assimilation in the thirteenth and four- 
teenth centuries, In this and the next two chapters, we must undertake a 
_more systematic survey of the natural philosophy that emerged from these 
“struggles. As a means of organizing this material, we will work our way 
‘down from the top, from the outermost reaches of the cosmos to the earth 
“at its center. We will also employ the distinction (familiar to Aristotle and 
{is medieval followers) between the organic and inorganic realms. In this 
chapter, we begin with the basic architecture of the cosmos, emphasizing 
the heavens but touching also on the structure of the terrestrial region. In 
the next chapter, we will deal with the behavior of inanimate things in the 
sublunar realm. And in the following chapter, we will turn to the domain 
of living creatures.' 


THE STRUCTURE OF THE COSMOS 


We have already touched on early medieval and twelfth-century cos- 
mologies.? We saw that encyclopedic writers of the early Middle Ages 
communicated a modest assortment of basic cosmological information, 
drawn from a variety of ancient sources, especially Platonic and Stoic. 
These writers proclaimed the sphericity of the earth, discussed its circum- 
ference, and defined its climatic zones and division into continents. They 
described the celestial sphere and the circles used to map it; many re- 
vealed at least an elementary understanding of the solar, lunar, and other 
planetary motions. They discussed the nature and size of the sun and 
moon, the cause of eclipses, and a variety of meteorological phenomena. 

This picture was enriched in the twelfth century by renewed attention to 
the content of Plato's Timaeus (and Calcidius’s commentary on it) and by 
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early contact with Greek and Arabic books in translation, One of th 

ing changes was increased emphasis (surpassing that of the ext Hee: 
fathers) on reconciling Platonic cosmology and the biblical acco lll 
creation. Another novelty was the frequent argument by twelfth-c pe j 
authors that God limited his creative activity to the moment of pe) 
thereafter, they held, the natural causes that he had created direct <a 
course of things. Twelfth-century cosmologists stressed the unify pe 
ganic character of the cosmos, ruled by a world soul and bound to site - 
by astrological forces and the macrocosm-microcosm relationship t 3 
important continuation of early medieval thought, twelfth-century scho} = 
described a cosmos that was fundamentally homogeneous, corpose 
the same elements from top to bottom: Aristotle's quintessence or ie 

and his radical dichotomy between the celestial and terrestrial regions ha 
not yet made their presence felt. 

| l introduced Thierry of Chartres in chapter 9 to illustrate some of these 
| 


features of tweifth-century cosmology. Another representative of the same 
tradition, more useful to us because he wrote more voluminously, is 
Robert Grosseteste (ca. 1168—1253), one of the most celebrated figures of 
medieval science.* Grosseteste is also important as an illustration of the 
continuation of Platonic currents into the thirteenth century; for although 
he was educated late in the twelfth century, his major writings date from 
the first half of the thirteenth. 

Central to Grosseteste’s cosmology was light: the cosmos came into exis. 
tence when God created a dimensionless point of matter and its form. a 
dimensionless point of light’ The point of light instantaneously diffused 
itself into a great sphere, drawing matter with it and giving rise to the cor- 
poreal cosmos. Subsequent radiation (from the outermost limit of the 
cosmos back toward the center) and differentiation gave rise to celestial 
spheres and the characteristic features of the sublunar region. In his early 
writings Grosseteste seems to have accepted the idea of a world soul—an 
idea from which he later retreated. The theme of microcosm and macro- 
cosm is fundamental to Grosseteste’s works: humanity represents the pin- 
nacle of God’s creative activity, simultaneously mirroring the divine nature 
and the structural principles of the created cosmos. Finally, Grosseteste 
shared the early medieval and twelfth-century belief in a homogeneous 
cosmos: the heavens in his cosmology are made of finer (specifically, more 
rarefied) stuff than are terrestrial substances, but the difference is quan- 
titative rather than qualitative.‘ 

Cosmology, like so many other subjects, was transformed by the whole- 
sale translation of Greek and Arabic sources in the twelfth and thirteenth 
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unies: Specifically, the Aristotelian tradition gained center stage in the 
Whireenth century and gradually substituted its conception of the cosmos 
r that of Plato and the early Middle Ages. This is not to suggest that Aris- 
wile and Plato disagreed on all of the important issues; on many of the 
pasics they were in full accord. Aristotelians, like Platonists, conceived the 


cosmos to be a great (but unquestionably finite) sphere, with the heavens 


above and the earth at the center. All agreed that it had a beginning in 
time—although, as we have seen, some Aristotelians of the thirteenth cen- 
gury were prepared to argue that this could not be established by philo- 
sophical arguments. And nobody representing either school of thought 
doubted that the cosmos was unique: although nearly everybody acknowl- 
edged that God could have created multiple worlds, nobody seriously be- 
lieved that he had done so. 

But where Aristotle and Plato disagreed, the Aristotelian world picture 
gradually displaced the Platonic. One of the major differences concerned 
the issue of homogeneity. Aristotle divided the cosmic sphere into two dis- 
tinct regions, made of different stuff and operating according to different 
principles, Below the moon is the terrestrial region, formed out of the four 
elements. This region is the scene of generation and corruption, of birth 
and death, and of transient (typically rectilinear) motions. Above the moon 
are the celestial spheres, to which the fixed stars, the sun, and the remain- 
ing planets are attached. This celestial region, composed of aether or the 
quintessence (the fifth element), is characterized by unchanging perfec- 
tion and uniform circular motion. Other Aristotelian contributions to the 
cosmological picture were his elaborate system of planetary spheres and 
the principles of causation by which celestial motions produced genera- 
tion and corruption in the terrestrial realm. 

A variety of Aristotelian features, then, merged with traditional cos- 
mological beliefs to define the essentials of late medieval cosmology—a 
cosmology that became the shared intellectual property of educated Euro- 
peans in the course of the thirteenth century. Universal agreement of such 
magnitude emerged not because the educated felt compelled to yield to 
the authority of Aristotle, but because his cosmological picture offered a 
persuasive and satisfying account of the world as they perceived it. None- 
theless, certain elements of Aristotelian cosmology quickly became the ob- 
jects of criticism and debate, and it is here, in the attempt to flesh out and 
fine-tune Aristotelian cosmology and bring it into harmony with the opin- 
ions of other authorities and with biblical teaching, that medieval scholars 
made their cosmological contribution. 1t would be impossible in a single 
chapter, or even a single book, to deal fully with medieval cosmological 
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thought (Pierre Duhem devoted ten volumes to the subject), and we 
limit ourselves to the most important and most hotly debated questions: 


THE HEAVENS 


Before entering the cosmos, let us pause just outside it: what, if anythi 
exists there? All agreed that no material substance is found outside the cose 


mos; if the cosmos is held to contain all the material substance that God 


created, this conclusion is unavoidable. But what about space devoid of 
corporeal substance? Aristotle had explicitly denied the Possibility of 
place, space, or vacuum outside the world, and this conclusion was gener 
ally accepted until a reevaluation of the issue was provoked by the cóm 
demnation of 1277. Two articles in the condemnation bore directly On the 
problem. In one of them it was declared that God has the power to create 
multiple worlds, in the other that God is capable of endowing the outer. 
most heaven with rectilinear motion. Now if an additional cosmos could 
be deposited outside ours, then it must be possible for space to exist there, 
capable of receiving it; likewise, a heavenly sphere in rectilinear motion 
would inevitably vacate one space and move into another. Most writers 
were satisfied to acknowledge the possibility that God could create a void 
space outside the cosmos; a few, like Thomas Bradwardine (d. 1349) and 
Nicole Oresme (ca. 1320-82), argued that he had actually done so. Brad- 
wardine identified this void space with God's omnipresence and argued 
that since God is infinite, extracosmic void space must likewise be infinite. 

Christian considerations seem to have been paramount in this modifi- 
cation of Aristotelian cosmology, but Stoic influence is also apparent. The 
notion of extracosmic void came to the West with a Stoic pedigree. West- 
ern scholars even borrowed specific Stoic arguments, such as the ofen- 
repeated thought experiment about what would occur if somebody 
situated at the very periphery of the material universe, at the outermost 
limit of all material substance, were to thrust an arm beyond that periph- 
ery. It seemed obvious that the arm must be received by a space that had 
hitherto been empty. Through a combination of Christian and Stoic influ- 
ence, then, an important modification was imposed on Aristotelian cos- 
mology—a modification that was to figure prominently in cosmological 
speculations through the end of the seventeenth century and beyond! 

As we enter the cosmos, we immediately encounter celestial spheres. 
How many of these exist, what is their nature, and what are their functions? 
There were seven known planets—moon, Mercury, Venus, sun, Mars, 
Jupiter, and Saturn, generally thought to be arranged in that order. In the 
simplified version of the cosmos preferred by medieval writers on cos 
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Fig 1L1. The simplified Aristotelian cosmology popular in the Middle Ages. Paris, Biblio- 
thèque Nationale, MS Lat. 6280, fol. 20r (12th c.). 


mology, which ignored most of the astronomical details, each planet re- 
quired a single sphere to account for its motion. In addition, according to 
Aristotle, outside the planetary spheres, defining the outer limit of the cos- 
mos, is the sphere of the fixed stars or primum mobile. Several problems 
arose as medieval scholars thought about this outermost sphere. 

One of them was to define its place. The place of a thing, according to 
Aristotle, is determined by the body or bodies that contain it, But if the 
Sphere of fixed stars is itself the outermost body, there is nothing outside it 
tọ serve as container. The natural conclusion of this line of argument— 
that the primum mobile is not in a place—was too paradoxical to be ac- 
cepted by all but a few of the toughest minds. Various solutions were 
therefore proposed, including an attempt to redefine place so as to allow it 
to be determined by the contained, rather than the containing, body.’ 

Another problem for Aristotle’s outermost sphere grew out of the ac- 
count of creation in the book of Genesis, where a distinction was made 
between the “heaven [caelum]” created on the first day and the “firma- 
ment [firrnamentum]” created on the second—obviously two different 
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things, since created on different days. Moreover, the biblical text star 
that the firmament separates waters beneath it from waters above it o 
waters beneath the firmament could be equated with the sphere of BES 
in the terrestrial region, but the waters above the firmament apparent d 
constituted yet another celestial sphere. Discussion of this problem led 
some Christian commentators to postulate three spheres beyond the seven 
planetary spheres: the outermost of these, the invisible and motionless 
empyreum, served as the abode of the angels; next came the aqueous or 
crystalline heaven, perfectly transparent, consisting of water (possibly in a 
hard or crystallized form but more likely fluid, and possibly water only ina 
figurative sense); and then the firmament, bearing the fixed stars, The total 
number of heavenly spheres, for those who accepted this line of argument, 
came to ten. In time, all three outer spheres were assigned cosmological 
and astronomical functions; some scholars, wishing to account for an sldi- 
tional stellar motion, postulated an eleventh sphere as well. It is important 
to note the mutual interaction between cosmology and theology in these 
discussions: Aristotelian cosmology was adjusted to meet the demands of 
biblical interpretation; at the same time, the biblical account absorbed the 
fundamentals of Aristotelian cosmology, with its medieval me clifications, 
and took substantial portions of its meaning from contemporary cosmo- 
logical theory.” 

Medieval cosmologists were, of course, interested in the substance or 
material cause of the celestial region. Many writers of the early Middle 
Ages, drawing on the Stoic tradition, supposed the heavens to consist of a 
fiery substance. After the recovery of Aristotle's works, some version of Ar- 
istotle’s opinion that the heavens were formed out of the quintessence or 
aether (a perfect, transparent substance not subject to change) was gener- 
ally accepted. There were debates about the nature of this aether—for ex- 
ample, whether it was a composite of form and matter. Among those who 
admitted the existence of form and matter in the heavens, some argued 
that the matter of the heavens was similar in kind to terrestrial matter, 
while others maintained that the two matters must be totally different. 
Whatever the nature of the aether might be, everybody agreed that it was 
divided into distinct spheres, in perfect contact (for otherwise there would 
be void space), all rotating frictionlessly in their proper directions and 
with their characteristic speeds. Individual spheres were assumed to bè 
continuous—that is, without interstices or gaps. Seldom did a writer in- 
quire whether they were fluid or hard; both alternatives found support 
among the few who addressed this issue. The planets were judged to be 
smal! spherical regions of greater density or lucidity in the transparent, lu- 
cid aether.” 
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h more hotly debated question was the nature of the celestial 


A muc! 
movers. Aristotle had identified a set of Unmoved Movers as the causes of 


celestial motion—the objects of desire of the planetary spheres, which do 
their best to imitate the changeless perfection of the Unmoved Movers by 
outing with eternal, uniform circular motion. The Unmoved Movers are 
thus final, rather than efficient, causes. Now the Unmoved Mover of the 


uppermost movable sphere (the "Prime Mover”) was customarily identi- 
fied with the Christian God; but the identity of the additional Unmoved 
Movers was a more troublesome problem. It would have been easy to 
identify them with the planetary deities described in Plato's Timaeus; but 
to acknowledge the existence of any deity besides the Creator would have 
been a clear case of heresy within the Christian tradition, and it was there- 
fore important for Christian scholars to distance themselves from such 
notions by assigning the Unmoved Movers a status well short of divinity. 
Acommon solution was to conceive of them as angels or some other kind 
of separated intelligences (minds without bodies). There were alternative 
solutions, however, which dispensed entirely with angels and intelligences. 
Robert Kilwardby (ca. 1215-79) assigned the celestial spheres an active na- 
ture or innate tendency to move spherically. John Buridan (ca. 1295—ca. 
1358) argued that there is no need to postulate the existence of celestial 
intelligences, since they have no scriptural basis; it is possible, therefore, 
that the cause of celestial motion is an impetus or motive force, analogous 
to the impressed force that moves a projectile (see the discussion below, 
chap. 12), which God imposed on each of the celestial spheres at the mo- 
ment of creation.” 

The analysis thus far has assumed that the heavens consist of a simple set 
of tightly nested, concentric spheres. This seems to have been Aristotle's 
view; it was articulated and vigorously defended by Ibn Rushd (Averroes) 
in Muslim Spain; and it had a number of important Western adherents. But 
some medieval cosmological writers modified their cosmology to take 
into account the eccentric deferenis and epicycles of Ptolemaic astron- 
omy—an attempt, obviously, to harmonize cosmology and planetary as- 
tronomy. We will deal more fully with these developments later in this 
chapter; here it will be sufficient to note that the solution was to endow 
each of Aristotle’s planetary spheres with thickness sufficient to contain the 
Ptolemaic deferent and epicycle for that planet within it (see fig. 11.10, 
p. 266). The radius of the inside of a given planetary sphere would then 
equal the minimum distance between the earth and that planet on the 
Ptolemaic model; the radius of the outside of that planetary sphere would 
equal the planet's maximum distance from the earth. 

The packing principle followed in this system—thick planetary spheres, 
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packed contiguously, without wasted space—made it possible to calcula 
the size of the various planetary orbits and ultimately the dimena 
the cosmos. To get the calculation started, an estimate of the size of 
innermost sphere, that of the moon, was needed, Several Mus 
mers, including al-Farghani and Thabit ibn Qurra in the ninth century and 
al-Battani in the ninth or tenth, performed the calculation, borrowing the 
required data from Ptolemy's Almagest, with modifications, In the West 
Campanus of Novara (d. 1296), gave his version of the calculation, . 
ing a figure of 107,936 miles to the radius of the inner surface of the 
moon's sphere (the moon's closest approach to the earth) and 209,199) 
miles to the radius of the outer surface of the moon's sphere (the moons 
farthest retreat from the earth). Similar calculations for Mercury and Venus 
produced a “theoretical” distance for the sun that accorded roughly with 
the parallax calculated for the sun by astronomers in antiquity. Continua- 
tion of the computation for the superior planets yielded a radius of 
73,387,747 miles for the outside of Saturn’s sphere and the inside of the 
stellar sphere. These figures, or figures close to them, prevailed until re. 
vised by Copernicus in the sixteenth century.” 


lim astrone. 


THE TERRESTRIAL REGION 


A detailed analysis of natural operations in the terrestrial realm will be pre- 
sented in the next chapter. But here we must touch on various macro- 
scopic features of the sublunar region that bear on the larger cosmological 
issues to which this chapter is devoted. 

We enter the terrestrial region by descending beneath the lunar sphere. 
This is the region of the four elements, which (in the idealized model) are 
arranged in concentric spheres, each in its proper place: first fire, then 
air, followed by water, and finally earth at the center. Two of the ele 
ments—fire and air—are intrinsically light and naturally ascend; the other 
two—water and earth—are intrinsically heavy and naturally descend. The 
elements are continuously transmuted one into another owing to the influ- 
ence of the sun and other celestial bodies. Thus, for example, water i$ 
transformed into air in the process that we know as evaporation; con- 
versely, air can be transformed into water to produce rain. 

The fiery and aerial spheres were held to be the scene of various other 
meteorological phenomena, such as comets, shooting stars, rainbows, 
lightning, and thunder. Comets were considered to be atmospheric phe- 
nomena, the burning of a hot and dry exhalation that has ascended from 
the earth into the sphere of fire. Rainbows, it was generally held, are 
produced when sunlight is reflected from the droplets of water in a cloud; 
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authors introduced refraction of light into the process; and early in 
j fourteenth century Theodoric of Freiberg (d. ca. 1310) offered an ex- 
jnation very close to the modern one, employing the combined reflec- 
: an and refraction of light in individual droplets (see fig. 11.2)." 
4 At the center of everything is the sphere of the earth. Every medieval 
scholar of the period agreed on its sphericity, and ancient estimates of its 
yence (about 252,000 stades) were widely known and accepted." 
The terrestrial land mass was typically divided into three continents—Eu- 
rope, Asia, and Africa—surrounded by sea. Sometimes a fourth continent 
wis added. Beyond such basics, knowledge of the surface features of the 
earth and their spatial relationships varied radically with time, place, and 
individual circumstances. Let us undertake a brief sketch of medieval geo- 
graphical knowledge. 
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Fig. 11.2. Theodoric of Freiberg’s theory of the rainbow. The sun is shown at the lower left, a 
Sét of raindrops at the upper right, and the observer is located at the lower center. The draw- 
ing aims to demonstrate how two refractions and an internal reflection within individual 
drops can produce the observed pattern of colors. Basel, Offentliche Bibliothek der Univer- 
slat, MS FIV.30, fols. 33v—34r (14th c.). 
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Geographical knowledge existed in many forms during the Middle 
and we must be careful not to indulge the modern tendency to identify it 
exclusively with maps or map-like mental images.'* Of course, medi 
people had first-hand, experiential knowledge of their native region, 
Knowledge of more distant places could come from travelers, of which 
there were many sorts: merchants, craftsmen, laborers, pilgrims, mision: 
aries, warriors, troubadours, itinerant scholars, civil and ecclesiastical offi 
ciais, even fugitives and the homeless, For the few fortunate enough to 
have access to libraries, books such as Pliny's Natural History or Isidore of 
Seville’s Etymologies offered geographical knowledge of a more exotic 
sort and on a grander scale in the form of written descriptions, Pliny and 
Isidore communicated a substantial collection of geographical lore (some 
of it mythological) through use of the “periplus”—a sequential list of the 
cities, rivers, mountains, and other topographical features encountered is 
one navigated a coastline. This information was usually accompanied ty 
interesting historical, cultural, and anthropological detail. Drawing on ene 
lier compilations, Pliny and Isidore led their readers on a swift tour of the 
periphery of the European and African continents.” Towards the end of 
the Middle Ages, new travel literature began to enrich the store of such 
knowledge. 

Traditional literary sources also dealt with climate, dividing the ter: 
restrial globe into climatic zones or “climes,” In a typical scheme, there 
were five of these: two frigid zones (the arctic and antarctic) around the 
poles, a temperate zone adjacent to each of these, and a torrid zone strad- 
dling the equator and (according to some) divided into two distinct rings 
by a great equatorial ocean. The torrid zone was considered uninhabitable 
on account of its heat—though some scholars disputed this claim. Medi: 
eval Europeans, of course, found themselves living in the northern tem- 
perate zone. On the opposite side of the earth, in the southern temperate 
zone, are the antipodes. Whether the antipodes are inhabited by antipo- 
deans (people who walk upside down) was a matter of dispute. 

There is a natural tendency for those of us familiar with modern maps to 
organize our geographical knowledge spatially, by the use of map coordi- 
nates, thereby reducing geography to geometry. But this was not true of 
medieval people, most of whom had never seen a map of any kind, let 
alone a map constructed on geometrical principles. Such maps as medi- 
eval people produced were not necessarily intended to portray in exact 
geometrical terms the spatial relationships of the topographical features 
indicated on them, and the notion of scale was almost nonexistent. Their 
function may have been symbolic, metaphorical, historical, decorative, Or 
didactic. For example, the thirteenth-century Ebstorf map employs the 
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“world 452 symbol of the body of Christ. And a representation of the ter- 
oe al globe in a fifteenth-century manuscript illustrates the division of 
the world into three continents, each ruled by one of Noah’s sons." If, 
therefore, we wish to avoid misrepresenting medieval aims and achieve- 
nts, we must be careful not to regard medieval maps as failed attempts 

a modern mapping. y 
Among the most numerous, most interesting, and most studied medi- 
“eval maps are the mappaemundi, or world maps. The most common form 
‘of mappamundi was the T-O map, associated with Isidore of Seville, which 
gave a schematic representation of the three continents—Europe, Africa, 
and asia. In figure 113, the “T” inserted within the “O” represents the 
waterways (the Don and Nile Rivers and the Mediterranean Sea) believed 
to divide the known land-mass into its major parts: Asia at the top of the 
mup, Europe at the lower left, and Africa at the lower right. Nonschematic 
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Fig, 113. A T-O map. Paris, 
Bibliothèque Nationale, MS 
Lat, 7676, fol. 161r (15th ¢.). 
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versions of the T-O map, which departed from the rigid T-O diagram “a ynowledge of sailors and designed to facilitate travel by sea. These 
order to incorporate a variety of geographical detail, were also p rodia i 5 ented perhaps in the second half of the thirteenth century, 
(see fig. 11.4). Another common type of map was zonal, featuring the z J a “realistic” representation of the coastline and employed a net- 
matic ZONES as its organizing principle.” ‘rhumb lines” arranged around a compass rose to convey the dis- 
Medieval mapping took a mathematical turn (and thereby a tum t pa and directions between any two points (see fig. 11.5). First applied 
modern cartography) in the form of portolan charts, embodying e prac = Mediterranean Sea, portolan charts were later produced for the 
E Sea and the Atlantic coastline of Europe. The use of portolan charts 

ible more adventurous voyages of exploration, which in tum 
expanded European geographical knowledge. Cartography was de- 


Fig. 114. A modified T-O map, the Beatus map (1109 A.D. ), A fourth continent is Shown at the 
far tight. London, British Library, MS Add. 11695, fols. 39v—40r. By permission of the Hritist: 
Library. For further discussion, see J. B, Harley and David Woodward, eds., The History of Can 
tography, vol. 1, plate 13. : 


Fig, 41.5. A portolan chart by Fernão Vaz Dourado (ca. 1570), The Huntington Library, HM 415). 
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cisively transformed, finally, by the acquisition of Ptolemy's Geop 
translated into Latin early in the fifteenth century, which taught Ei $ 

the mathematical techniques by which to represent a spherical body 
two-dimensional surface.” 

If map-making seems impressive for its practicality, we may do wel} is 
restore balance to this section by concluding with an investigation of 
question that will appear (at least on the surface) to have no Practical ape 
plication whatsoever—namely, whether the earth rotates on its axis, and: 
what would happen if it were to do so. Aristotle had convincingly pre 
sented the grounds for believing that the earth is stationary; and although, 
all medieval scholars agreed with this, several thought the arguments fora 
rotating earth worth exploring. In looking at this question, they joined 
good ancient company, for the idea had never entirely disappeared irom: 
ancient cosmological and astronomical literature: Aristotle, Ptolemy, and: 
Seneca all discussed it. The most searching explorations of the implica- 
tions of a rotating earth came in the fourteenth century from John Buridan 
and Nicole Oresme. j 

There was no thought here of removing the earth from the center of the 
cosmos; what Buridan and Oresme had in mind was simply a daily rot- 
tion of the earth about its axis. The obvious advantage of postulating such 
a rotational] motion was that doing so would eliminate the necessity of 
assigning a daily rotation to each of the celestial spheres; it would metan 
replacing many fast motions with a single slower one, an economy that 
nearly everybody could appreciate.” Buridan pointed out that astrono- 
mers observe relative, rather than absolute, motions and that assigning the 
earth a daily rotation would have no effect on astronomical calculations, 
Consequently the question of a rotating earth could not be decided on 
astronomical grounds but must depend on physical arguments. Buridan 
himself provided such an argument, pointing out that an arrow shot Ver 
tically upward (on a windless day) from the surface of a rotating earth 
would not return to its starting point, because while it was in the air the 
earth would be moving beneath it; since an arrow shot vertically upward 
does return to its starting point, he argued, we can be certain that the earth 
is stationary. 

A fuller investigation of the problem was produced a few years later by 
Oresme. One of the most acute natural philosophers of the medieval pe 
riod, Oresme began by replying to the standard objections to a rotating 
earth. He argued that all we ever perceive is relative motion and, there- 
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Fig. 11.6. Nicole Oresme. Paris, Bibliothèque Nationale, MS Fr. 565, fol. Ir (15th ¢.). The large 
instrument is an armillary sphere, a teaching aid that offers a physical representation of the 
ecliptic, celestial equator, and other celestial circles. 
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fore, that observation cannot settle the issue. He replied to Kui 
row argument, maintaining that on a rotating earth, while th 
moving vertically upward and then vertically downward, it wo 
moving horizontally; the arrow would therefore remain above the po 
on the earth from which it was shot and return eventually to its $ 
point. He reinforced this argument with a shipboard examp 


relativity of motion: 


Such a thing appears to be possible in this way, for, ifa man 
were in a ship moving very rapidly eastward without his 
being aware of the movement, and if he drew his hand in a 
straight line downward along the ship's mast, it would seem 
to him that his hand was moving with a [downward] rec- 
tilinear motion; so, according to this opinion it seems to us 
that the same thing happens with the arrow which is shot 
straight down or straight up. Inside the boat so moved, there 
can be all kinds of movements—horizontal, criss-cross, up- 
ward, downward, in all directions—and they seem to be 
exactly the same as those when the ship is at rest. Thus, ifa 
man in this boat walked toward the west less rapidly than the 
boat was moving toward the east, it would seem to him that 
he was moving west when actually he was moving east; and. 
similarly as in the preceding case, all the motions here below 
would seem to be the same as though the earth were at rest. 


Oresme proceeded to argue that scriptural passages seeming to teach the 
fixity of the earth can be interpreted as an accommodation on the part of 
the biblical text, “which conforms to the customary usage of popular 
speech.” Having thus refuted the objections to a moving earth, he còm- 
pleted the argument by presenting the positive case—a set of arguments 
for the economy of moving the earth instead of all the heavens. 

This is a powerful and (for Copernicans like ourselves) convincing arguy 
ment for the rotation of the earth on its axis. Did it convince Oresme’s con: 
temporaries? No; and, in fact, it apparently did not even convince Oresme 
himself. His argument represented the best philosophical or rational argu- 
ment for the mobility of the earth that Oresme could construct. But the 
doctrine of divine omnipotence guaranteed that it was at best a probable 
argument, which could not be allowed to place limits on God's creative 
freedom; for all we know, God might prefer an uneconomical world, In 
the end, therefore, Oresme accepted the traditional opinion that the earth 
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fixed, supporting it with a quotation from Psalm 92:1: “For God hath 
cai ed the world, which shall not be moved.”” Apparently this scrip- 
| passage would not yield (as the others had) to the principle that 
“Soriptuce accommodates itself to popular speech. : 
: Historians have been unsure how to interpret Oresme’s apparent turn- 
üt Many have been tempted to suppose that he saw that he was head 
: for theological trouble and decided to save himself with a disclaimer. 
ope Oresme took the trouble to explain what he was doing, and we 
should certainly take his own account seriously. His purpose, he revealed, 
3 to offer an object-lesson for those who would impugn the ra by ra- 
tional argument. His success at formulating persuasive philosophical argu- 
ments for an idea as “opposed to natural reason” as the rotation of the 
garth demonstrated, he thought, the unreliability of rational argument and, 
therefore, the caution to be used where rational argument touches the 
faith, as this one did. His purpose was both cosmological and theological 
frotn the beginning.” 


THE GREEK AND ISLAMIC BACKGROUND TO WESTERN ASTRONOMY 


We have considered the overall structure of the cosmos and some of the 
principles by which itwas believed to operate. We now turn to the endeavor 
to make exact planetary observations and to develop models that account 
quantitatively for the planetary data. We must begin by disposing of acertain 
widely influential interpretive scheme. Pierre Duhem built this interpreta- 
tion on the distinction between two possible ways of viewing astronomical 
models. On the “realist” view, astronomical models are expected to repre- 
sent physical reality and answer to the physical criteria of the physicist or 
natural philosopher. On the “instrumentalist” view, astronomical models 
are nothing more than convenient fictions—useful mathematical instru- 
ments for predicting planetary positions but without any physical truth- 
value. f 
According to Duhem, ancient astronomy was overwhelmingly an instru- 
mentalist enterprise. Astronomy and physics came to be defined, Duhem 
thought, as mutually exclusive endeavors. The task of the physicist (or natu- 
ral philosopher) was conceived to be the investigation of the structure and 
nature of things as they really exist, while the astronomer’s job was to 
develop mathematical models that yield quantitative predictions. The as- 
tronomer who allowed physical considerations to interfere with his mathe- 
matical task was violating disciplinary boundaries. Duhem employed the 
same conceptual framework and the same categories to understand me- 
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dieval developments, tracing the fortunes of reali 
assumptions.” k an strumenti 
| There are reasons for believing that Duhem Seriously exaggerated the 
instrumentalist tendencies in ancient astronomical thought, In only 3 
avo sources from late antiquity are the realist and instrumentals Sa 
natives defined, and rarely if ever did anybody defend insurer al 
way of doing astronomy.” This is not to deny that the Greeks distinguished l 
between a physical and mathematical approach, that Ptolemy E 
ample) was committed to a program that was primarily mathematical a 
that the quest for mathematical success could induce Ptolemy and SA 
astronomers to ride roughshod over physical concerns. It is simply to in- 
sist that distinguishing between physics and mathematics or finding them 
sometimes in conflict is not the same as calling for their divorce; it is also 
to maintain that the long-term goal of mathematical astronomers, even if 
they could not always achieve it in practice, was to create a mathematical 
astronomy that paid attention to, and was consistent with, the received 
principles of natural philosophy. We must remember that Ptolemy wrote 
both the highly mathematical Almagest and the more physical Planetary 
Hypotheses; moreover, even when most narrowly focused on mathematical 
goals in the Afmagest, he did not entirely overlook the physical realities. 
As we look at medieval astronomy, we will find that it remained pre: 
dominantly a mathematical enterprise; from Roman times it belonged to 
the mathematical quadrivium, and it never lost its association with mathe: 
matics. But we must be careful not to assume that its mathematical goals 
were an expression of mathematical instrumentalism. Medieval mathe- 
matical astronomers, like their ancient predecessors, were interested in 
geometrical models and even quantitative predictions, but none of them 
concluded from this that astronomy ought to be divorced from physical 
reality. It follows that during the Middle Ages astronomy and cosmology 
were not glaring at each other across a methodological chasm, but rubbing 
shoulders along a methodological continuum. 
| If we cannot sharply distinguish between astronomy and cosmology on 
methodological grounds, is there any justification for treating them as dis- 
tinct enterprises or disciplines? Yes. One of the best ways of distinguishing 
medieval disciplines is to forget about their formal definitions and to ex- 
amine them as textual traditions. The cosmological questions that oc 
cupied us in the opening sections of this chapter tended to appear in 
commentaries on certain texts—Aristotle’s physical works (especially On 
: the Heavens and the Metaphysics), John of Sacrobosco's Sphere, Peter Lom- 
bard's Sentences, and the creation account in Genesis.” The mathematical. 
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ysis Uf the heavens belonged to a different textual tradition, springing 
prolemy's Almagest and other works of mathematical astronomy 
edi during the Hellenistic period. That esoteric skills had to be ac- 
~d by anybody wishing to practice (or even understand) mathematical 
TA y certainly helped to discourage any attempt to merge these two 
jradlitions into a general “celestial science.” 
_ jslamic astronomy has already made an appearance in this book. In 
order to prepare ourselves to understand Western astronomical develop- 
ments, we must now add some detail. The very earliest influences on Is- 
jamie astronomy were Indian and Persian versions of Greek astronomy. 
However, during the ninth century Muslim astronomers gained direct 
‘yecess:to Greek sources, the most important of which was Ptolemy's Al- 
magest. translated several times in the course of the ninth century—the 
final and best version being that of Ishaq ibn Hunayn produced at the 
House of Wisdom in Baghdad. A vigorous tradition of Islamic astronomy, 
based largely on Ptolemaic principles, developed over the next few cen- 
wnes: Problems of chronology, time-keeping, and the calendar were 
major motivating factors behind this astronomical effort: the need to work 
out the relationship between the lunar calendar and the solar year, to pre- 
dict the beginning of the lunar month, and to determine times of prayer 
were all pressing problems, which required astronomical know-how for 
their solution. Another motivating factor was undoubtedly the close con- 
nection between astronomy and the practice of astrology—the latter a 
heavily patronized activity at Islamic courts.” 

It is impossible to capture the richness of the Islamic astronomical 
achievement in a brief summary account. We may make some headway, 
however, by taking note of the categories under which this astronomical 
achievement fell. First, a great deal of effort was devoted to mastery, im- 
provement, and dissemination of Ptolemaic astronomical theory. The as- 
tronomical textbooks of al-Fargh4ni and al-Battani (both of which were 
subsequently translated into Latin) are good representatives of this achieve- 
ment. Second, the calculational aspect of Ptolemaic astronomy was im- 
proved by developments in spherical trigonometry, including the use of 
all six modern trigonometric functions (as opposed to the one function, 
the “chord,” employed by Ptolemy).” 

Third, important progress was made in astronomical observation and in- 
strumentation. Many observatories or observation posts were established 
on Islamic soil—some relatively permanent, others fairly ephemeral—in 
otder to improve and supplement Ptolemaic data. Tables of numerical 
data, with instructions for their use, were prepared and widely dissemi- 
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nated, Instruments were constructed, including large Stationary q 

or sextants for measuring the altitudes of stars and planets: the q 

the Maragha Observatory, built in the second half of the thirteenth centin. 
had a radius of more than four meters; the gigantic meridian are ‘at i 


markand, built in the fifteenth century by Ulugh Beg and used Primark 
for solar observations, had a radius of more than forty meters.# 
The most impressive and useful of the astronomical instruments from- 


mathematical standpoint was the astrolabe, invented during the Hellenistie 
period but perfected in Islam. The astrolabe was a hand-held. instrument 
consisting of a graduated circle and a sighting rule (the alidade), which 
pivoted about a pin and allowed observations of the altitude Of a Star or 
planet, and a set of circular brass plates that fit into a brass body. of 
“mother” and made the astrolabe into an astronomical computer (see figs 
1L7 and 11.8). The mathematical principle that helped convert the astro. 
labe into a computer was stereographic projection, by which the spherical 
heavens could be projected (for convenience) onto a set of flat plates (see: 
fig. 11.9), The uppermost plate (the “rete”), designed to represent the po- 
tating heavens, contained a star map (limited to a few of the most promi. 
nent stars) and an eccentric circle representing the ecliptic (figs. 11.7 and: 
11.8); much of this plate was cut away, so that the user could see through ir 
to a plate fixed beneath, called the “climate.” The “climate” bore the pro 
jection of a fixed coordinate system defined for the latitude of the user, 
consisting of a horizon line, circles of equal altitude, and lines of equal 
azimuth, as well as the celestial equator, tropic of cancer, and tropic of cap- 
ricorn (fig. 11.8). The rete could then be rotated over the climate to simu- 
late the rotation of the heavens with respect to a terrestrial observer; the 
position of the sun on the ecliptic could be marked, and a variety of useful 
calculations then became possible.” 

Fourth, Islam saw substantial criticism of Ptolemaic astronomical theory 
and attempts to improve or correct it. One of the early critics was Ibn al- 
Haytham (d. ca. 1040, known in the West as Alhazen), who objected to 
Ptolemy's use of the equant on the grounds that it violated the principle of 
uniform motion. Ibn al-Haytham also attempted a physical interpretation 
of Ptolemaic eccentrics and epicycles along lines developed by Prolemy 
himself in his Planetary Hypotheses. This was an attempt to unite the 
mathematical and the physical approaches to astronomical phenomena— 
to integrate the mathematical techniques of the Almagest with the physical 
scheme of the Planetary Hypotheses more fully and successfully than 
Ptolemy himself had done. The basic idea was to thicken each of the plane: 
lary spheres to the point where it could contain within itself an eccentri¢ 
channel or ring, through which the epicycle would pass. 


Fig. 11.7. Asteolabe, Italian, ca. 1500. 
Diameter: 425 inches London, Sci- 
ence Museum, Inv. no. 1938-428. 
Reproduced by permission of the 
Trustees of the Science Museum. 


Fig. 11.8, An “exploded” view of the astro- 

labe. Courtesy of J.D. North. Originally 

published in J.D. North, Chaucers Uni- 

verse, p. 51, 
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in figure 11.10, the thickened space, S, is bounded by spherical surfaces 
© and GH. A is the center of the universe, where the earth is situated. 

through the sphere and eccentric to it is a ring R, centered on B 
and pounded by surfaces CE and FG, Situated within the ring is the epi- 
axle 1, bearing the planet P. The entire sphere rotates about its center A on 
a dally basis, carrying the ring with it; meanwhile, the epicycle “rolls” 
through the ring in the sidereal period of the planet (the time required for 
the planet to complete one circuit of the ecliptic), and through it all the 
planet is carried around the rotating epicycle. Similar thickened spheres 
gre required for each of the remaining planets. If all of these spheres are 
tightly nested, one inside another, we have a physical model of the plane- 
tary system that incorporates the fundamentals of Ptolemaic planetary 
astronomy, while offering a tolerable rendition of Aristotle's system of con- 
centric spheres.” 

The attack on Ptolemy was especially vigorous in twelfth-century Spain, 
where a series of scholars, including Ibn Bajja (Avempace), Ibn Tufayl, Ibn 
Rushd (Averroes), and al-Bittrijt (Alpetragius), criticized Ptolemaic plane- 
tary models on the grounds that they were physically impossible; these 
scholars proceeded to call for an astronomy consistent with Aristotelian 
physics. Ibn Rushd (1126-98) attacked the use of eccentrics, epicycles, and 
especially equants, maintaining that they tell us nothing about physical re- 
ality; in their place he urged a return to the concentric spheres of Aristotle. 
ALBitraji (fl. 1190) went considerably beyond Ibn Rushd in the effort (ulti- 
mately unsuccessful) to show how a simple system of concentric spheres 
might yield predictions comparable to those of Ptolemaic astronomy. In al- 
Bitroji’s scheme, there is a set of simple concentric spheres, one for each 
planet; all rotate uniformly from east to west with a motion propagated 
inward from the primum mobile, diminishing as it goes (thereby eliminat- 
ing the need for both east-to-west and west-to-east motions that many natu- 
ral philosophers found disagreeable in Aristotelian cosmology). To account 
for the observed irregularity of planetary motions, al-Bitraji allowed each 
planet to crawl around on the surface of its sphere (with a motion gov- 
| emed by what have been described as a deferent and epicycle drawn on 

the surface of the sphere).” 


Fig, 11.9, Sterographic projection of 
the almucantars. The circles of equal 
altitude (top) are projected onto a 
horizontal plane passing through 
the equator of the celestial sphere, 
as they wouldbe seen by anobserver 
situated at the south celestial pole. 
These circles of equal altitude or al- 
mucanrars, along with lines of equal 
azimuth, were primary fearures of 
the “climate” of the astrolabe. Cour- 
tesy of J. D. North. Originally pub- 
lished in North's Chaucer $ Universe, 
p. 53. 
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Fig. 11.10, Ibn al-Haytham’s solid- 
sphere model of the Prolemaic def- 
erent and epicycle. 


ASTRONOMY IN THE WEST 


| During the early Middle Ages, the West was without access to the Greek 
sources of mathematical astronomy—the works of Hipparchus, Ptolemy, 
and others. Astronomy was certainly understood to be a mathematical art, a 
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member of the mathematical quadrivium , but the amount of Matheny 
cal astronomy actually known to early medieval scholars was mi Re 
Authors such as Pliny, Martianus Capella, and Isidore of Seville offered an 
elementary description of the celestial sphere and its major circles; of ie 
seven planets and their west-to-east motion through the band of the oat 
including retrograde motion; and of the sun-linked motion of Mercury and 
Venus. The ability to deal with problems of chronology and the calendar 
was also a well-developed art. But knowledge of Ptolemaic models or s 
other scheme for the practice of serious mathematical astronomy way. 
nonexistent.» i 


The state of Western astronomical knowledge was radically altered in. 


the tenth and eleventh centuries by contact with Islam, principally 

Spain. It is certain that Gerbert of Aurillac (ca. 945—1003) had something to. 
do with this; it is possible that he returned from his studies in northem 
Spain bearing astronomical treatises. Whatever the exact details, these 
early contacts brought Christendom a versatile astronomical instrument, 
the astrolabe, along with the mathematical knowledge required to putitto 
use. Several treatises on the construction and use of the astrolabe, trans- 
lated from Arabic to Latin, circulated in the eleventh century. The astro- 
labe, in turn, was responsible for a reorientation of Western astronomy, 
away from qualitative and toward quantitative concerns.” i 

Serious quantitative astronomy, however, required substantial bodies of 
observational data. By the early twelfth century, we know, Western scholirs 
had begun to gather such data firsthand. But much larger and more useful 
bodies of data were obtained through translation of Arabic sources. The 
astronomical tables of al-Khwarizmi (d. after 847), along with instructions 
(canons) for their use, were translated by Adelard of Bath in 1126. The 
Toledan Tables (compiled in Toledo by al-Zarqali during the eleventh cen- 
tury) were translated a little later.» These translated tables were treasuries 
of quantitative astronomical information, but they had been constructed 
for earlier eras and locations other than the ones where they were to be 
used. Consequently they required adaptation—work carried out by 4 
number of twelfth-century scholars, including Raymond of Marseilles and 
Robert of Chester. In their work we have the beginnings of a genuine West- 
ern tradition of mathematical astronomy. 

Although astronomical instruments and tables of astronomical data were 
necessary for the practice of mathematical astronomy, they were not suffi- 
cient. A third requirement was astronomical theory. The instructions accom- 
panying a set of astronomical tables might offer a glimpse of its theoretical 
underpinnings, but this was limited in quantity and confusing. Treatises of 
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Fig, 11.11. The “new quadrant” 

of Profatius Judaeus—a fourreenth- 
century exemplar of an astronomical in- 
strument used for measuring altitudes, Cour- 
tesy of the Warden and Fellows of Merton 
College, Oxford. For a description of various me- 
dieval quadrants, including the Merton instrument, see 
R. T. Gunther, Early Science in Oxford, vol. 2 (Oxford: 
Oxford University Press, 1923), pp. 165-75. 


theoretical astronomy, presenting the mathematical models that lay behind 
the data and the calculations, were needed; and again they were supplied 
through translation, in this case from both the Arabic and the Greek. Al- 
Farghānī’s elementary handbook of Ptolemaic astronomy was translated in 
1137 by John of Seville as The Rudiments of Astronomy. In the second half 
of the twelfth century the more technical astronomical works of Thabit ibn 
Qurra, Ptolemy, and others became available: Ptolemy's Almagest was 
rendered into Latin twice, once from the Greek and subsequently (by 
Gerard of Cremona) from the Arabic. Astrological texts that appeared 
about the same time contributed to the interest in astronomical theory and 
calculations. Indeed, the astrologer's need for astronomical calculations, 
along with the growing connection between astrology and medicine, helps 
to explain the growth of astronomical studies. 

By the end of the twelfth century, the most important astronomical texts 
were available in Latin. The history of Western astronomy from this point 
onward is a story of growing mastery and increasing dissemination of 
astronomical knowledge, primarily within the universities. One of the nec- 
égsities in the universities was for textbooks that would bring the complex- 
ities of Ptolemaic astronomy within the reach of students. An introductory 
treatise such as al-Farghani’s Rudiments of Astronomy could, of course, be 
put to use; but teachers in the universities soon produced books of their 


11.12. An astronomer ot 
with an astrolabe, Paris, 


fol. 1v (13th c.). 


own, One of the earliest and most popular was The Sphere of Johannes de 
Sacrobosco (John of Holywood), written at Paris about the middle of the 
thirteenth century. This work, which continued to be commented upon 
and used as a university textbook as late as the seventeenth century, con: 
tained an elementary account of spherical astronomy and a few brief 
remarks on planetary motions. For example, Sacrobosco described the 
west-to-east motion of the sun around the ecliptic at the rate of about I*/day, 
he noted that each of the planets except the sun is carried around on an epi- 
cycle, which in turn is carried around on a deferent circle, and explained 
how the epicycle-on-deferent model accounts for retrograde motion; and 
he attributed lunar and solar eclipses, respectively, to the shadows cast by 
the earth and moon. Beyond this his planetary astronomy did not go.” 
Sacrobosco's Sphere was obviously meant to convey only the most ele 
mentary astronomical knowledge, perhaps for the benefit of students 
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ested in chronology, time-keeping, and calendar-construction (“com- 
S). Another treatise, the Theortca planetarum (Theory of the Plan- 
composed a litde later by an anonymous author, possibly also a 
jan teacher, raised the discussion of planetary astronomy to a substan- 
higher level. The Theorica sketched the basic Ptolemaic theory for 
of the planets, supplementing the description with geometrical dia- 
prims: For example, the motion of the sun around the ecliptic was ex- 
ined as the resul of uniform west-to-east motion about an eccentric 
scent circle at the rate of 598” (just short of 1°) per day; meanwhile that 
“eccentric is carried. uniformly east-to-west at the rate of one full rotation 
y day by the “universe” or stellar sphere. In the model for the superior 
ancrs—Mars; Jupiter, and Saturn—the planet P (fig. 11.13) moves uni- 
formly around the epicycle from west to east, while the center of the epi- 
cycle moves in the same sense around the deferent. The motion of the 
epicyele around the deferent is uniform with respect to equant point Q; 
‘the center of the deferent is halfway between the equant point and the cen- 
ter of the earth The Theorica seems quickly to have become the standard 
textbook of astronomical theory, firmly establishing the Ptolemaic models 
against any possible rivals and fixing astronomical terminology for several 
centuries. 

A serious problem posed by the establishment of Ptolemaic theory was 
how to bring it into harmony with Aristotelian cosmology. It appeared to 
‘scholars that the eccentric and epicyclic circles of Ptolemaic astronomy 
were not easily reconciled with Aristotelian concentric spheres or the 
principles of Aristotelian natural philosophy; anybody who needed help 
perceiving the magnitude of the problem could obtain it from Averroes’ 
attack on the paraphernalia of Ptolemaic astronomy. The only system to 
achieve success from a quantitative standpoint seemed questionable from 
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Fig. 11.13. The model for one of the 
superior planets, according to the 
Theorica planetarum. 
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a physical or philosophical standpoint. There was considerable thrashi 
about on this issue in the thirteenth and fourteenth centuries, ag scholarg 
explored the status of theoretical claims or looked for compromise pos}. 
tions. The astronomers, who inevitably demanded quantitative results, hae 
no choice but to retain the Ptolemaic models. For some of the more Philo: 
sophically inclined, the idea of creating a quantitatively exact astronomy 
on Aristotelian principles remained an elusive dream.” 

The solid-sphere version of the Ptolemaic system developed by Ibn al: 
Haytham made an appearance in the thirteenth century. Roger Bacon, Write 
ing in the 1260s, appears to have been the first Western scholar to Rive this 
scheme a thorough discussion; and after him there seems to have been y a 
brief flurry of interest in it among the Franciscans, for Bernard of Verdun 
and Guido de Marchia (both Franciscans) offered descriptions of it, The 
idea seems also to be implicit in certain astronomical works of the period, 
such as that of Campanus of Novara, but it did not again become the object 
of serious cosmological debate until picked up by Georg Peuerbach, one 
of the Viennese scholars who contributed to the revival of astronomy in 
the fifteenth century.” ; 

One thing the 7heorica did not do was convey the quantitative content 
of Ptolemaic astronomy or the means of making actual astronomical calcula 
tions. This function came to be served by the Yoledan Tables and then, 
after about 1275, the Alfonsine Tables (prepared at the court of Alfonso X 
of Castile), which frequently accompanied the Theorica. The Alfonsine 
Tables (fig. 11.14) served as the standard guide to the practice of mathe- 
matical astronomy until confronted by new competitors in the sixteenth 
century.” 

While a modest amount of elementary astronomical knowledge may 
have become quite common among those with a university education, ad- 
vanced knowledge of the sort represented by the Toledan or Alfonsine 
Tables, or even the Theorica, no doubt remained quite rare. Seldom. did 
the universities require astronomical knowledge for a degree in arts, 
though some instruction in astronomy (most often in the form of lectures 
on the 7heorica, occasionally through lectures on Ptolemy's Almagest) was 
frequently available. However, it does not follow from the low profile of 
astronomy in the university curriculum that astronomy was going nO- 
where. In fact, despite the relative paucity of practitioners, knowledge wf 
mathematical astronomy among those who did practice it became steadily 
more sophisticated. Out of this medieval tradition would emerge, in the 
fifteenth and sixteenth centuries, astronomers of the stature of Johannes 
Regiomontanus and Nicolaus Copernicus.” 
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Fig, 11.14. The Alfonsine Tables. A page from the table for Mercury. Houghton Library, Harvard 
University, FMS Typ 43, fol. 46r (ca. 1425). By permission of the Houghton Library. 
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ASTROLOGY 


The history of astrology has suffered from a tendency among historians jg 
judge the practice of astrology harshly, as an example of Primitive, irra 
tional, or superstitious ideas, promoted by fools and charlatans, ‘There 
were charlatans, of course, as medieval critics themselves never tired of 
pointing out. But medieval astrology also had a serious scholarly side, ang 
we must not allow our attitude toward it to be colored by the low regard in 
which astrology is held today. Medieval scholars judged astrological theory 
and practice by medieval criteria of rationality and by the contemporary 
evidence to which they had access; and it is only as we do the same that we 
can hope to understand the importance and the changing fortunes of as. 
trology during the Middle Ages. 

It will help if we begin by distinguishing between (1) astrology as a set of 
beliefs about physical influence within the cosmos and (2) astrology as the 
art of casting horoscopes, determining propitious moments, and the like. 
The former was a respectable branch of natural philosophy, the conclu- 
sions of which were rarely called into question. The latter, by contrast, was 
vulnerable to a variety of objections (empirical, philosophical, and theo- 
logical) and remained a subject of contention throughout the Middle Ages. 
Although we will touch upon astrology in the second sense, it is astrology 
as an aspect of cosmic physics that will primarily concern us. 

There were compelling reasons for believing that the heavens and the 
earth were physically connccted. First, there were observational data that 
made the connection obvious: nobody could doubt that the heavens were 
the major source of light and heat in the terrestrial region; the seasons 
were plainly connected with solar motion around the ecliptic; the tides 
were apparently connected with lunar motion; and it seemed clear enough, 
Once the compass made its appearance (late in the twelfth century), that 
the poles of the celestial sphere exercised a magnetic influence on certain 
minerals. 

Observational arguments of this sort were reinforced by traditional reli- 
gious beliefs. The association of the heavens with divinity and the under- 
standing that divinity exercised influence in the terrestrial realm were 
prominent features of ancient religions. The belief that stellar and plane- 
lary events were omens (signs rather than causes) of terrestrial events was 
widespread in ancient Mesopotamia, where reading the omens became a 
specialized art, demanding a measure of astronomical knowledge. Such 
beliefs were gradually enriched and transformed by the addition of new 
elements, including the notion that the celestial configuration at the time 


The Medieval Cosmos 275 


n's conception or birth could be used as a means of predicting 


Ts 
in details of that person's life (see above, chap. 1).“ 


within Greek culture, astrological ideas obtained support from a variety 
osophical systems. In the Timaeus, Plato’s Demiurge explicitly dele- 
ed to the planets or planetary deities the task of bringing into exis- 
tence things in the sublunar realm; and this suggested the possibility ofan 
ongoing relationship. Plato also stressed the unity of the cosmos, includ- 
arallels between the cosmos as a whole and individual humans 
fhe macrocosm-¢nicrOcosm analogy). In Aristoe’s cosmos the Unmoved 
Maver was the source not simply of the motions of the celestial spheres, 
but also of motion and change in the sublunar realm. In his discussion of 
meteorological phenomena, Aristotle argued that the terrestrial region 
“has a certain continuity with the upper {celestial] motions; consequently 
all its power is derived from them.” Elsewhere he attributed seasonal 
changes. as well as all generation and corruption in the terrestrial realm, to 
the motion of the sun around the ecliptic. Finally Stoics, with their vision 
ofan active, organic cosmos characterized by unity and continuity, seem to 
have embraced and defended the science of astrology. It should be clear, 
then, that astrology in its physical or cosmological form was the empirical 
and rational investigation of the causal connections between the heavens 
and the earth. Almost any ancient philosopher would have considered it 
extraordinarily foolish to deny the existence of such connections.” 
Ptolemy is an excellent case in point—excellent not only because he 
addressed the question fully and clearly, but also because he exercised a 
powerful influence on both the Islamic and Western astrological traditions. 
In his astrological handbook, the Tetrabiblos, Ptolemy acknowledged that 
astrological prognostications cannot match the certitude of astronomical 
demonstrations; nonetheless, he affirmed the existence of celestial forces 
and the validity of astrological prognostications of a general sort. It is ap- 


parent to everybody, he argued, 


that a certain power emanating from the eternal ethereal sub- 
stance . . . permeates the whole region about the earth. . . . 
For the sun . . . is always in some way affecting everything 

on the earth, not only by the changes that accompany the sea- 
sons of the year to bring about the generation of animals, 

the productiveness of plants, the flowing of waters, and the 
changes of bodies, but also by its daily revolutions furnishing 
heat, moisture, dryness, and cold in regular order and in cor- 
respondence with its positions relative to the zenith. The 
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moon, too,. . . bestows her effluence most abundantly upon 
mundane things, for most of them, animate or inanimate, are 
sympathetic to her and change in company with her. More- 
over, the passages of the fixed stars and the planets through 
the sky often signify hot, windy, and snowy conditions of the 
air, and mundane things are affected accordingly. 


The practitioner who understands these influences and who has also mas. 
tered the celestial motions and configurations ought to be able to predict g 
wide variety of natural phenomena: 


If, then, a man knows accurately the movements of all the 
stars, the sun, and the moon, . . . and if he has distinguished 
in general their natures as the result of previous continued 
study . . . ; and if he is capable of determining in view of all 
these data, both scientifically and by successful conjecture, the 
distinctive mark of quality resulting from the combination of 
all the factors, what is to prevent him from being able to tell 
on each given occasion the characteristics of the air from the 
relations of the phenomena at the time, for instance, that it 
will be warmer or wetter? Why can he not, too, with respect 
to an individual man, perceive the general quality of his tem- 
perament from the atmosphere at the time of his birth, as for 
instance that he is such and such in body and such and such 
in soul, and predict occasional events, by use of the fact that 
such and such an atmosphere is attuned to such and such a 
temperament and is favourable to prosperity, while another is 
not so attuned and conduces to injury?® 


A certain amount of anti-astrological sentiment surfaced within Hellen- 
istic philosophy and subsequently within both the Islamic and Christian 
traditions. The object of attack, however, was not belief in the reality of 
celestial influence, but the threat of determinism and (among the church 
fathers) the assignment of divinity to the stars and planets. The most influ- 
ential voice within Christendom was that of Augustine (354-430). Au- 
gustine attacked vulgar astrology as a fraudulent enterprise, practiced by 
impostors; but his greatest concern was for what he regarded as the ten- 
dency toward faralism or determinism within astrological theory. At all 
costs, the freedom of the will must be protected, for otherwise there 
would be no human responsibility. Augustine appealed frequently to the 
“twins problem” (not original with him), pointing out that twins, con- 
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veivet at the same instant and born almost simultaneously, often experi- 
nce dramatically different fates. But Augustine opened the door to the 
sibility of physical influence, as long as it was held to affect only the 


howdy, when he wrote: 


It ig not entirely absurd to say, with reference only ta physical 
differences, that there are certain sidereal [i.e., stellar] influ- 
ences, We see that the seasons of the year change with the 
approach and the receding of the sun. And with the waxing 
and waning of the moon we see certain kinds of things grow 
and shrink, such as sea-urchins and oysters, and the mar- 
velous tides of the ocean, But the choices of the will are not 
subject to the positions of the stars.” 


The anti-astrological polemics of Augustine and other church fathers 
helped to create a climate of opinion hostile to astrology during the early 
Middle Ages. In early medieval literature we find regular condemnation of 
the practice of horoscopic astcology—often accompanied, however, by ad- 
mission of the reality of celestial forces and their influence on a variety of 
terrestrial phenomena.” 

The flowering of Platonic philosophy and the recovery of Greek and 
Arabic astrological writings in the twelfth century led to a resurgence of 
interest in astrology and a more favorable attitude toward its doctrines. 
Any suggestion of astrological determinism remained anathema, of course, 
but assertions about the reality of stellar and planetary influence and the 
possibility of successful astrological prognostications now became com- 
monplace. For example, in his influential Didascalicon (written in the late 
1120s) Hugh of St. Victor (d. 1141) expressed approval of the “natural” part 
of astrology, which deals with the “temper or ‘complexion’ of physical 
things, like health, illness, storm, calm, productivity, and unproductivity, 
which vary with the mutual alignments of the astral bodies.” An anony- 
mous author writing near the end of the twelfth century or early in the 
thirteenth noted that “we do not believe in the deity of either the stars or 
the planets, nor do we worship them, but we believe in and worship their 
Creator, the omnipotent God. However, we do believe that the omnipotent 
God endowed the planets with the power that the ancients supposed came 
from the stars themselves.” Another author from the twelfth century, ad- 
dressing the issue of determinism, wrote that “the stars . . . can produce an 
aptitude for having wealth, never the fact of having it.”® 

The translation of astrological treatises from Greek and Arabic was of 
critical importance in shaping these new attitudes, The major works were 


Fig. 11,15. The Arabic astrologer Albumasar or Abū Ma‘shar, presumably holding his Introdu 
tion to the Science of Astrology. Paris, Bibliothèque Nationale, MS Lat. 7330, fol. 41v (14th €} 
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my Tetrabiblos, translated in the 1130s, and Albumasar’s J7ttroduc- 
A to the Science of Astrology, translated twice in the 1130s and 1140s; 
Snes were accompanied by various smaller astrological tracts and joined 
eventually by works of Aristotle that addressed the question of celestial in- 
fluence. The Tetrabiblos offered a defense of astrological belief and intro- 
its readers to some of the technical principles of the art. For 
“example, it identified the various planets with specific terrestrial effects: 
qhe sun heats and dries, the moon chiefly humidifies, Saturn principally 
cools put also dries, and Jupiter heats and humidifies in moderation, the 
‘influence of certain planets is favorable, that of other planets unfavorable, 
certain planets are masculine, others feminine. The Tetrabiblos also ex- 
plained how the powers of the planets are strengthened or weakened ac- 
cording to their geometrical relationship to the sun (their “aspect”). It 
assigned specific qualities to the signs of the zodiac. And it explained the 
general traits of people dwelling in different regions of the terrestrial 
globe by “familiarity” or sympathy between those regions and the planets 
and signs of the zodiac that govern them. 

The contribution of Albumasar’s Introduction was to elaborate on the 
astrological principles found in Ptolemy's Tetrabiblos and other astrologi- 
cal literature (including Persian and Indian sources), but more especially 
to establish astrology on proper philosophical foundations by integrating 
traditional astrological lore with Aristotelian natural philosophy. In prac- 
tical terms, what this meant was the adoption of Aristotle’s metaphysics of 
matter, form, and substance, as well as Aristotle’s claim that the celestial 
bodies are the source of all motion in the terrestrial region and the agents 
of generation and corruption. Through planetary influence, forms are im- 
posed on the four elements to produce the physical substances of daily 
expetience; changes in the planetary configuration bring about a per- 
petual cycle of rransmutations, birth and death, coming-to-be and passing- 
away. Aristotle’s account of generation and corruption had concentrated 
on the motion of the sun around the ecliptic; while attaching priority to the 
sun, Albumasar (following long astrological tradition) brought the remain- 
ing planets, as well as their geometrical relationship to the sun and to the 
signs of the zodiac, into the causal picture.” 

The Aristotelianizing of astrology was furthered, of course, by the acquisi- 
tion of Aristotle's own works in the course of the twelfth century. During 
the thirteenth, astrological belief took root and became a standard part of 
the medieval world view. Astrology also became closely associated with the 
practice of medicine: no reputable physician of the later Middle Ages would 
have imagined that medicine could be successfully practiced without it.” 


p 
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Philosophers and theologians continued to worry about astrological 
minism—a subject that surfaced in the condemnation of 77 al ceni 
logical practitioners were regularly denounced as charlatans, But eve 
most vigorous opponents of astrology were ready to acknowledge hee in 
ity of celestial influence. Nicole Oresme, who wrote whole books ended 
astrology, admitted that the part of astrology that deals with large. 
events, such as “plagues, mortalities, famine, floods, great wars the ce 
and fall of kingdoms, the appearance of prophets, new religions, antl Re 
lar changes, . . . can be and is sufficiently well known but only È paie 
terms. Especially we cannot know in what country, in what month, through 
what persons, or under what conditions, such things will happen.” as fo 
the influence of the heavens on health and disease, “we can know a neal 
amount as regards the effects which ensue from the course of the sun and 
moon but beyond this little or nothing.” * Astrology as an aspect of natural 
philosophy would flourish until the seventeenth century and beyond, 


TWELVE 


The Physics of the Sublunar Region 


The decision to employ the term “physics” in the title of this chapter is not 
without risk. The risk is that readers will equate medieval physics with 
modern physics on the basis of the shared name. It will then be natural for 
these readers to conclude that medieval physicists were trying to be mod- 
em physicists, but with limited success, and that medieval physics was a 
primitive or failed version of modern physics. And as long as we view me- 
dieval physics as failed modern physics, we close the door on the possibil- 
ity of grasping its own distinctive aims and notable achievements. 

‘The fact is that medieval physics was a remarkably coherent theoretical 
system in its own right, which achieved considerable success in answering 
the questions to which it was addressed. And those questions were, on the 
whole, broader questions than the ones that concern a modern physicist. 
The breadth of medieval physics becomes clear when we examine the 
relevant medieval terminology. The Latin nouns physica and physicus 
(meaning “physics” and “physicist,” respectively) derive from the Greek 
word physis, usually translated “nature.” For Aristotle (whose influence 
here was paramount), the physis or nature of a thing was the inner source 
of its character or behavior, responsible for all natural changes that occur 
in it, Nature in the collective sense included all things that possess such a 
nature. And the physicist was the person who investigates natural things 
and the natural changes that occur in them—simply stated, the student or 
philosopher of nature in all of its manifestations.’ 

This is not to say that there are no significant continuities between medi- 
eval and modern physics. Some of the questions that occupied medieval 
scholars continued, with little or no change, to occupy their successors in 
the sixteenth and seventeenth centuries and beyond, and the Middle Ages 
supplied significant pieces of the scientific vocabulary and the conceptual 
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framework of early modern physics. Surely these continuities are a 
mate and important object of historical investigation, and we 
tirely ignore them in this chapter; but they cannot be our mai 
our goal is to understand the aims and achievements of medieval iho 
about nature.? We must never succumb to the temptation of supe 
when we have identified the pieces of medieval physics appropriated he 
later ages, that we have thereby figured out what medieval Physicists them- 
selves regarded as the essential features of their discipline, i 


will nor en 


MATTER, FORM, AND SUBSTANCE 


What were the fundamental explanatory principles of medieval Physics gr 
natural philosophy? After the reception and assimilation of Aristodle’s phi- 
losophy in the twelfth and thirteenth centuries, the principles in question 
were broadly Aristotelian—though obscurity, incompleteness, and incon. 
sistency in the various Aristotelian texts where these principles were set 
out left plenty of room for further articulation of the theory and for discus: 
sion and debate about the fine points. Let us begin with a brief review. of 
some of the basics of Aristotelian natural philosophy? 

According to Aristotle, all objects in the terrestrial realm Csubstances” 
he called them) are composites of form and matter. Form, the active prin- 
ciple or agent, bearer of the properties of the individual thing, combines 
inseparably with matter, the passive recipient of the form, to produce a 
concrete corporeal object. If the object in question is a “natural” object (as 
opposed to one produced artificially, by a craftsman), it also has a nature 
(determined primarily by its form but secondarily by its matter), which 
disposes it to certain kinds of behavior. Thus fire naturally communicates 
warmth, rocks naturally fall (if lifted out of their natural place), babies natu- 
rally grow and mature, and acorns naturally develop into oak trees. These 
natures we discern through long and persistent observation: whatever can- 
not be the product of chance (because of the regularity of its occurrence) 
or of artifice (because no artificer had anything to do with it) must be the 
result of nature. Because natures are the determining factors in all cases of 
natural change, they are necessarily of great interest to the physicist or 
natural philosopher. 

Aristotle's medieval followers, contemplating this scheme, identified 
two kinds of form—one of them associated with essential properties, the 
other with incidental properties. The defining characteristics of a thing, 
which make it what it is, are conveyed by what came to be called its “sub- 
stantial form.” Substantial form combines with absolutely propertyless first 
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; togive being or existence to a substance and to endow it with those 
erties that make it the kind of thing it is. However, besides essential 
> yperties. every substance also has properties of an incidental or acciden- 
pl sort. associated with “accidental form.” Thus the family dog may be 
chaired or long-haired, lean or fat, friendly or ferocious, house- 
or not, and yet it retains the characteristics (supplied by its substan- 

ial form) that enable us to identify it unmistakably as a dog. 

Aristotle's theory of form, matter, and substance is nicely exemplified in 
his theory of the elements. Aristotle accepted the position of his predeces- 
sors, Plato and the pre-Socratics, to the effect that the familiar materials or 
substances of everyday experience ace complex rather than simple. That 
is, sensible things in the sublunar world are compounds or mixtures, reduc- 
ible to a small set of fundamental roots or principles, called “elements.” 
Aristotle adopted Empedocles’ and Plato's list of four elements—earth, 
water, air, and fire—and argued that these combine in various proportions 
to produce all of the common substances. Aristotle agreed with Plato that 
the four elements are not fixed and immutable, but undergo transmuta- 
tions; and the scheme that explained how this was possible was his theory 
of form and matter. 

Each of the elements, he argued, is a composite of form and matter; 
since the matier in question is capable of assuming a succession of forms, 
the elements can be transformed into one another. The forms instrumental 
in producing the elements are those associated with the four primary or 
“elemental” qualities: hot, cold, wet, and dry. Primary matter informed by 
coldness and dryness yields the element earth; primary matter informed 
by coldness and wetness yields water; and so forth. But this primary matter 
has the capacity to receive any of the four elemental qualities. Therefore, if 
the quality of dryness in a piece of the element earth yields to wetness 
through the action of a suitable agent, that piece of earth will cease to exist, 
and an appropriate amount of the element water will take its place. Aris- 
totle argued that such transformations are occurring constantly, and the 
elements are therefore constantly being transmuted one into another. 
Changes of this kind proved capable of accounting for many of the familiar 
phenomena that we associate today with the disciplines of chemistry and 
meteorology.‘ 

The basic form-matter theory was easily understood, but its application 
to the real world posed a variety of problems. The world seemed to con- 
tain a hierarchy of forms and matters, and the Aristotelian definitions 
outlined above worked better at some levels than at others. Aristotle’s defi- 
nition of matter as the totally unqualified recipient of forms applies nicely 
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to the constitution of the elements: the matter that receives the ele 
forms of the primary qualities (hot, cold, wet, dry) is totally without 
erties of its own, apart from the ability to receive the elemental forni 
itself, it is imperceptible, unknowable, and without actual existence, er 
tote referred to this as “primary matter.” But accidental forms a 
posed on matter that already has independent, substantial existence: F 
marble out of which a statue is to be made exists as a concrete thing, wie 
variety of properties (size, shape, color, density, and hardness), before he 
sculptor endows it with the accidental forms that make it into a specific 
statue. In the same way, the hair that turris gray (thus serving as the Matter 
for the accidental form of grayness) was already a substantial thing, with 
specific, identifiable characteristics, before it changed color. Reflection on 
problems such as this caused Aristotle’s ancient and medieval followers ty 
sharpen his definitions and to clarify the distinction between the insub- 
stantial primary matter of the elements and the substantial secondary mat- 
ter encountered in cases of accidental change.* 

The matter-form theory was elaborated in Islam by Avicenna (Ibn Sina, 
980-1037) and Averroes (Ibn Rushd, 1126-98) in ways that would prove 
influential in the West. The two Muslim commentators thought it impos- 
sible to derive the elements from the imposition of the elemental forms 
directly on primary matter, An intermediate step was required, which 
would first invest the primary matter with three-dimensionality. To this 
end, they developed the notion of “corporeal form,” which must first be 
imposed on primary matter to yield a three-dimensional body. The ele- 
ments emerge, then, when this three-dimensional body (a kind of second- 
ary matter) receives the elemental forms, The idea of corporeal form was 
transmitted to Christendom, where it proved both influential and contro- 
versial. We have seen its adoption by Robert Grosseteste, who identified 
corporeal form with light. 

Aristotle had placed form and matter on essentially equal footing—nei- 
ther was subordinate to the other, and each had its function—but this 
balance proved difficult to maintain. Within the Neoplatonic tradition 
(Avicenna is a good example) there was a tendency to demote matter, to 
see it as virtual nothingness, while elevating form to a position of quasi- 
autonomy. Avicenna’s younger contemporary Avicebron (d. 1058) veered. 
in the other direction, elevating matter at the expense of form, Avicebron’s 
influence may help to explain the willingness of Western scholars (espe- 
cially Franciscans, such as Richard of Middleton and Duns Scotus) to argue 
that God can create matter without form.’ 
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COMBINATION AND MIXTURE 


» very important class of phenomena to which the theory of matter, 
form, and substance was applicable was that associated with what we 
would today call “chemical combination.” The centrality of this class of 

nomena is apparent when we recall that, according to Aristotle, all sub- 

es encountered in the real world, including organic tissue, are com- 
junds of the four elements. It comes as no surprise, therefore, that 
aristude should have inquired into the nature of chemical combination 
and the status of the original ingredients in a compound. He distinguished 
beween a mechanical aggregate, in which the small particles of two sub- 
stances are situated side by side without loss of individual identity, and a 
true blending of the ingredients into a homogeneous compound in which 
the original natures disappear; he called the latter a “mixt” or “mixture” 
(we will employ the Latin terms mixtio for the process and mixtum 
(plural, mirta] for the product, in order to preserve the technical meaning 
that Aristotle had in mind), and it is this kind of combination that he con- 
sideced applicable to the mixing of the elements. 

In a mixtum, according to Aristotle, the individual natures of the ingre- 
dients are replaced by a new nature that permeates the compound down 
to its smallest parts. The properties of the mixtum represent an averaging 
of the properties of the ingredients. If, for example, we combine a wet and 
a dry element (say, water and earth), the wetness or dryness of the result- 
ing compound will fall on the scale that runs between the extremes of wet- 
ness and dryness, at a point determined by the relative abundance of those 
two qualities, Although the original elements no longer have actual exis- 
tence in the mixtum, Aristotle made remarks that suggested that they 
maintain a virtual or potential presence that permits them to exercise 
some kind of continuing influence.” 

Aristotle’s discussion left a number of problems for his commentators. 
One was to recast the theory of combination or méxtio in the language and 
conceptual framework of matter and form, for those terms do not appear 
in Aristotle’s account. In the course of that effort it was necessary to inquire 
how the new substantial form of the mixtum emerges from the forms of 
the constituent elements. Another problem of critical importance was to 
determine in what sense the forms of the original elements continue to 
exist in the mixtum; since it was acknowledged that when the mixtur is 
destroyed the elements out of which it was formed reappear, it seemed 
evident that they survive in some way within the mistum. Debates on these 
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matters became extremely intricate, and we must limit Ourselves tg 4 few 
introductory remarks. 

Everybody agreed that the substantial forms of the constituent clemeng 
are replaced by a new substantial form of the mixtum. But how does this 
come about? It was generally agreed that the way was paved for the emer. 
gence of the new substantial form by the mingling of the elements, the 
interaction of their respective qualities, and possibly the corruption of 
their substantial forms. However, there were good reasons (drawn from 
Aristotle) for believing that the new substantial form could not be Bener- 
ated out of these antecedent substantial forms or out of the qualities of the 
origina! elements; outside intervention seemed to be required. The usual 
solution was to invoke higher powers—celestial forces or celestial intelli. 
gences, possibly even God himself—assigning to them the responsibility 
for infusing the new substantial form into the primary matter when the 
preconditions had been met. 

As for survival of the elements in the mixtum, everybody saw that it was 
necessary to find some way of allowing the elements to lurk in the mixtum 
potentially or virtually, awaiting a suitable opportunity to reveal them- 
selves, Avicenna argued that the forms of the elements survive intact, while 
their qualities are weakened to the point of insensibility. Averroes main- 
tained that both the forms of the elements and their qualities are reduced 
in strength or intensity and maintain a potential existence within the mix- 
tum. Since, according to Aristotle, substantial forms do not admit of de- 
grees—that is, cannot be strengthened or weakened (after all, a given 
four-legged mammal is either a dog or not a dog; in this context talk of 
more and less makes no sense)—Averroes concluded that the forms of the 
original elements must not be substantial forms but have a status between 
that of substantial and accidental form. Thomas Aquinas (ca. 1124—74) ar- 
gued that the forms of the elements are extinguished in the process of 
mixtio, but that their qualities retain some kind of virtual influence in the 
mixtum. These and other positions became the basis of lively debate among 
late medieval natural philosophers? 

A final question with which we must deal has to do with the physical 
divisibility of corporeal substances—say, wood or stone or organic tissue. 
Is there a limit to the process of division, and what are the properties of 
the smallest pieces? Are they anything like atoms? Aristotle had alluded to 
the smallest pieces of the ingredients of a mixtum, which mingle and inter- 
act, and on these remarks subsequent commentators based a theory of 
what came to be called minima or minima naturalia (smallest natural 
parts). The theory acknowledged that in principle divisibility should be 
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endless; however small the piece before you, there is no physical reason 
why you cannot divide it again. But it was argued that there is nonetheless 
smallest quantity of each substance, below which it will no longer be that 
substance because the form of the substance cannot be preserved in a 
smaller quantity. 

There were attempts in the Middle Ages to construe the theory of min- 
fma as a variant of atomism. It is true that both theories acknowledged the 
particulate structure of matter, but otherwise they were far apart. The par- 
ticles of the atomists were unbreakable least parts; the minima of the 
Middle Ages were divisible, though if divided they would lose their iden- 
tity. All atoms were of identical stuff, differing only in size and shape; min- 
ima were as different as the substances to which they belonged. In the 
atomist vision, properties in the macroscopic world did not, in general, 
have exact counterparts in the microscopic world: atomists did not explain 
the redness of a flower, for example, by the redness of its constituent par- 
ticles. Rather, the atomist program was to reduce the qualitative richness of 
the world of sense experience to austere, qualitatively bare atoms (charac- 
terized only by size, shape, motion, and possibly weight). Minimists, by 
contrast, continued the Aristotelian program, assigning to the least parts 
precisely the properties of the whole to which they integrally belonged: 
minima of wood are still wood.” 


ALCHEMY 


Closely associated with medieval theories of corporeal substance, com- 
bination, and mixture was the art or science of alchemy. This is one of the 
least studied and most poorly understood of all aspects of medieval sci- 
ence, and here we can do no more than offer the barest sketch of its aims, 
achievements, and theoretical foundations." 

Alchemy was both an empirical art, which sought to transmute base 
metals into gold (or other precious metals), and the theoretical science 
that explained and guided this effort. Of the reality of the transmutation of 
substances into one another there could not be the slightest doubt, Con- 
sider the case of a plant or tree, where water and soil nutrients are trans- 
formed into a delicate blossom or succulent fruit; or the even more 
extraordinary case of a lamb, which seems to have the ability to convert 
water and grass into wool and meat. Now this is possible, according to al- 
chemical theory, because of the fundamental unity of all corporeal sub- 
Stance, Aristotle’s natural philosophy offered an explanation of this unity, 
portraying the four elements as products of prime matter and pairs of the 
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four elemental qualities: hot, cold, wet, dry. Alter the qualities, and wa 
t 
transmute the elements one into another. Alter the proportions ore 


elements in a mixtum, and you transform the mixtum into a diff ‘7 


substance. 

But alchemists were interested primarily in the metals. According loa 
widely held theory deriving from Aristotle, all metals are compounds yp 
mixta of sulphur and mercury." The méxtio of sulphur and mercury 
conceived as a process of development or maturation that takes place naty- 
tally in the earth, under the influence of heat. The particular metal thar 
emerges depends on all of the factors that go into the maturation Process, 
including the purity and homogeneity of the sulphur and the mercury, 
their proportions in the mixtum, and the degree of heat. Now it was the 
aim of the alchemist to short-cut and accelerate the process of Maura- 
tion—to reproduce in a short time, by artifice, what nature took perhaps 4 
thousand years to accomplish in the womb of the earth. The goal and end- 
point of the process, if perfectly carried out, was gold; imperfection or 
shortfall gave cise to one of the other metals. 

In practical terms, the alchemist aimed to reduce a base metal to prime 
matter by stripping off its substantial and accidental forms; then to add 
forms by following the appropriate alchemical recipes, in such a way as to 
reconstitute the metal as one of the precious metals. Alternatively, al- 
chemists sought to discover the recipe for the “elixir” or "philosopher's 
stone,” a substance believed to have the power to permeate base metals 
and transform them into gold. In the course of these efforts, alchemists 
developed many chemical processes, including solution, calcination, fy- 
sion, distillation, putrefaction, fermentation, and sublimation. They also 
Produced the required apparatus, including a great variety of furnaces for 
heating and melting, the alembic for distillation, and various flasks, re- 
ceivers, and other vessels for the melting, mixing, pulverizing, and collect- 
ing of alchemical substances.” 

Alchemy seems to have had Greek origins, perhaps in Hellenistic Egypt. 
Greek texts were subsequently translated into Arabic and gave rise to a 
flourishing and varied Islamic alchemical tradition. Among the outstanding 
Arabic alchemical writings were the corpus attributed to Geber (Jabir iba 
Hayyan, fl. 9th-10th c.) and the Book of the Secret of Secrets by Muhammad 
ibn Zakariyya al-Razi (d. ca. 925). Beginning about the middle of the 
twelfth century, this body of alchemical writings was translated into Latin, 
initiating a vigorous Latin alchemical tradition. Belief in the truth of al- 
chemical theory and the validity of alchemical aims was widespread but far 
from universal; from Avicenna onward, a strong critical tradition devel- 
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Fig, 12.1. Alchemical apparatus, including furnaces and stills. British Library, MS Sloane 3548, 
fol. 25r (15th c). By permission of the British Library, 
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oped, and as much ink was devoted to polemics about the Possibity 
alchemy as to its theory and practice. In the course of its long history, af: 
chemy became affiliated with many other technical arts (metallurgy and 
dye-making, for example) and systems of thought. It acquired theolo 
magical, and allegorical overtones and was gradually transformed inte a 
all-embracing mystical philosophy; by the end of the Middle Ages, for ex. 
ample, alchemical transformation was frequently linked to the Spirituat 
transformation of the alchemical experimenter, and it was Believed 
some that the elixir not only transformed base metals into gold but also 
conferred immortality." 


CHANGE AND MOTION 


Historians frequently contrast the static character of the Aristotelian uni- 
verse with the dynamism of the atomic philosophy. It is easy to see what 
they have in mind, In Aristotle's sublunar realm, natural motion ceases 
when the moving object reaches its natural place, and violent motion 
comes to an end when the external force no longer acts, If we put every. 
thing in its natural place and get rid of external movers, Aristotle's world 
will screech to a halt. By contrast, the world of the atomists is in a perma- 
nent state of motion—atoms moving, colliding, and forming temporary 
clusters in an eternal maelstrom. 

However, the impression that Aristotle’s cosmos is static comes from re 
stricting our attention to one kind of change—change of place or “local 
motion.” Look beneath the surface, not at the location of an object, but at 
the nature of the object, and the true dynamism of the Aristotelian cosmos 
becomes apparent. For Aristotle, natural things are always in a state of flux; 
it is part of their essential nature to be in transition from potentiality to 
actuality. This is no doubt most obvious in the biological realm, where 
growth and development are inescapable, but Aristotle’s biological studies 
powerfully shaped his entire philosophy of nature. His definition of na 
ture, as the inner source of change found in all natural bodies, may well 
have had biological origins, but it was applicable to both the organic and 
the inorganic realms. The central object of study in Aristotle’s natural phi- 
losophy, then, was change in all of its forms and manifestations. Aristotle 
stated bluntly in his Physics (book 3) that if we are ignorant of change, we 
are ignorant of nature," If the gross objects that fill the Aristotelian cosmos 
seem to prefer rest over motion, beneath the surface they are seething 
with change. 


Aristotle and his medieval followers identified four kinds of change: 


a ee es 


(gen 
potion; 
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eration and corruption, (2) alteration, (3) augmentation and dimi- 
and (4) local motion. Generation and corruption occur when in- 
dividual things (that is, substances) come into existence and go out of 
ence. Alteration is change of quality, as when the cold object becomes 
E Augmentation and diminution refer to quantitative change—that is, 
ale of size, as in rarefaction and condensation. And local motion is 
change of place—the kind of change that seventeenth-century scientists el- 
evaedto-a place of centrality that it did not have within Aristotelian physics. 
When we examine Aristotle's theory of motion, therefore, we are look- 
ing at onè aspect of his theory of change. It was change in general that 
imerested Aristotle and his commentators, and local motion was but one 
of several varieties and by no means the most fundamental. It will bave us 
from a great deal of confusion if we keep this in mind. Features of Aristo- 
telian and medieval theories of motion that seem strange and idiosyncratic 
when examined from the standpoint of modern dynamics frequently take 
on quite a different appearance when we judge them in the light of the 
questions they were meant to answer. 
This brings us face-to-face with an important and difficult methodologi- 
cal issue. The customary way of approaching medieval theories of motion 
is to carry the conceptual framework of modern dynamics back to the 
Middle Ages and use it as a grid through which to view medieval develop- 
ments. This procedure has the enormous advantage of keeping us on fa- 
miliar intellectual ground; it has the disadvantage of bringing into focus 
only those medieval developments that resemble some piece of modern 
theory. The alternative is to adopt a medieval perspective—an approach 
that has the obvious advantage of fidelity to the system of ideas that we are 
endeavoring to understand, but one that may be nearly impossible to carry 
out in practice. The intellectual framework of medieval theories of motion 
is a conceptual jungle, suitable only for hardened veterans and certainly no 
place for day-trips from the twentieth century. Faced with a choice be- 
tween viewing this jungle from the safe distance of the seventeenth or 
twentieth century and not viewing it at all, most historians of medieval sci- 
ence have understandably chosen the former alternative. My own view is 
that we must make some pragmatic compromises in the effort to find a 
middle way. In the pages that follow, we will take several short excursions 
into regions of the medieval jungle judged safe for tourists, in order to give 
some sense of the lay of the land. We will also examine certain medieval 
developments important for their later influence, endeavoring to describe 
those developments in ways that will help the reader to grasp the medieval 
framework out of which they grew. 
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THE NATURE OF MOTION 


When an ancient or medieval natural philosopher turned his attenti 

any area of inquiry, the first thing he wanted to know was: wh; mre 
(relevant to the inquiry) exist? This is a question about the Be i: 
populate the universe. Once he had settled this question, he ouA Ee 
on to others, such as: What is the nature of the things that exist? What king 
of existence do they have? How do they change? How do they intra 7 S 
aes do Me ee about them? If the object of study was motion n n 
task would be to figure out w i i i t 
Hee gu: hether motion exists and, if so, what sort of 

Aristotle had addressed this question with enough ambiguity to giye h 
commentators plenty to chew on. In Islam, the two great P ce = 
mentators, Avicenna and Averroes, both joined the fray. And in the wesi the 
problem was reopened by Albert the Great. We cannot probe the fi 
points of this extremely technical debate, but we can reveal the broad on 
lines by calling attention to two Prominent alternatives that emer, dB 
the end of the thirteenth century and a few of the arguments cies te 
adjudicate berween them. According to one opinion, which came to a 
designated by the phrase forma fluens (flowing form), motion is nota 
thing separate or distinguishable from the moving body, but simply the 
| moving body and its successive places, When Achilles runs a tate the 
existing things are Achilles and the objects that define the places sue. 
cessively occupied; no additional entity is present, and the word “motion” 
denotes not an existing thing, but merely the process by which Achilles 
comes to occupy successive places. This view was developed by Averroes 
and Albert the Great. The alternative opinion, known by the name fluxus 
formae (flow of a form), maintained that in addition to the moving body 
and the places it successively occupies, there is some thing inherent in the 
moving body, which we may call “motion.” * 

We can perhaps begin to perceive the rationale behind this debate by 
examining a pair of famous arguments, one for each of the alternatives. 
William of Ockham (ca. 1285-1347) defended the forma fluens opinion 
with characteristic logical rigor. In Ockham’'s view, “motion” is an abstract. 
fictional term—a noun that corresponds to no really existing entity. This 
was not an attempt on Ockham's part to deny that things move, but simply 
a declaration that motion is not a thing. The way to get clear on this, 
Ockham argued, is to consider a sentence such as the following: “Every 
motion is produced by a mover,” A naive reader might suppose that the 
noun “motion” stands for a real thing (a substance or a quality), for nouns 


ee 
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en serve that function. However, we can replace this sentence with an- 


F her that bas identical dynamic content, but different implications for the 


pature oF motion: “Each thing that is moved is moved by a mover.” Here 
he noun “motion” has disappeared, and with it the implication that mo- 
tion might be a reat thing. But how are we to choose between the wo 
sentences and the alternative worlds they describe? On the basis of econ- 
umy, Although the two sentences make the same dynamic claim (things 
move only if moved by movers), the world in which motion is not an exist- 
ing thing isa more economical world, because there are fewer things in it, 
consequently, we should regard it as the real world unless there are con- 
yincing arguments to the contrary.” 

An altogether different set of considerations led John Buridan (ca. 
1295-ca, 1358) to defend the fluxus formae view. In his commentary on 
Aristotle’s Physics, Buridan answered the now familiar question—whether 
local motion is a thing distinct from the moved object and the places it 
successively occupies—by reference to theological doctrine. The theologi- 
cal starting point of Buridan’s argument was the assumption that God, in 
his absolute power, could have endowed the cosmos as a whole with a 
rotational motion, Buridan knew this by virtue of the principle that God 
can do anything that involves no self-contradiction; moreover, one of the 
articles of the condemnation of 1277 (according to Buridan’s reading) ex- 
plicitly affirmed God's power to accomplish the analogous feat of moving 
the entire cosmos in a straight line. But if we adopt the forma fluens view 
that motion is nothing more than the moving object and the places it suc- 
cessively occupies, a serious problem arises. Aristotle had defined place in 
terms of surrounding bodies. Since the cosmos is not surrounded by any- 
thing (for any container would have to be considered part of the cosmos), 
it seems to have no place. If the cosmos has no place, it obviously cannot 
change places; and if it does not change places, it cannot be said to move. 
But this conclusion is incompatible with the starting point of the argu- 
tmént—the unquestionable assumption that God is capable of giving the 
cosmos a rotational motion. The solution, Buridan thought, was to adopt 
the broader, fluxus formae conception of motion. If motion is not simply 
the moving body and its successive places, but an additional attribute of the 
moving body analogous to a quality, then the cosmos could possess this 
attribute even in the absence of place, and the difficulty would be at least 
partially overcome. The implication of this theory—that motion is a quality, 
or something that could be treated as a quality—became quite common 
among natural philosophers in the second half of the fourteenth century.” 
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THE MATHEMATICAL DESCRIPTION OF MOTION 


Nowadays the application of mathematics to motion needs no defense. 
Theoretical mechanics, the parent discipline of theories of motion, ix 
mathematical by definition, and to anybody with a grasp of modern Physics 
the mathematical way would seem to be the only way. But Perhaps it i 
only by hindsight and from a modern perspective that this conclusion ds 
obvious; it would not have seemed plausible to Aristotle or many who, 
worked within the Aristotelian tradition. We must remember that Atisronle 
and his medieval followers regarded motion as one of four Kinds of 
change and that they expected the analysis of motion to imitate Cin: large 
measure) the analysis of change in general. We also need to see that there 
is nothing intrinsically mathematical about most cases of change. When we 
observe sickness yielding to health, virtue replacing vice, and warmth su- 
perseding cold, no numbers or geometrical magnitudes leap out at us. The 
generation or corruption of a substance and the alteration of a quality are 
not obviously mathematical processes, and it is only by heroic efforts over 
the centuries that scholars have found ways of placing a mathematical 
handle on a few kinds of change, including local motion. Let us examine 
the early stages of this process in the later Middle Ages. 

The mathematization of nature, of course, had ancient proponents, in- 
cluding the Pythagoreans, Plato, and Archimedes; and early success was 
achieved in the sciences of astronomy, optics, and the balance (see chap. 5, 
above). It was inevitable that the success of these efforts would provide 
encouragement for those interested in mathematizing other subjects. We 
find primitive beginnings of the mathematical analysis of motion in Aris- 
totle’s Physics, where distance and time, both quantifiable, were employed 
as measures of motion. Aristotle argued that the quicker of two moving 
objects covers a greater distance in the same time or the same distance in 
less time, while two objects moving with equal quickness traverse equal 
distances in equal times. A generation after Aristotle, the mathematician 
Autolycus of Pitane (fl. 300 ».c.), took a further step, defining a uniform 
motion as one in which equal distances are traversed in equal times. It is 
important to note that in these ancient discussions distance and time were 
taken, as the critical measures of motion, to which a numerical value might 
be assigned, while “quickness” or speed never achieved that status, ré- 
maining a vague, unquantifiable conception.” 

The first impact of this mathematical analysis in medieval Christendom 
can be seen in the work of Gerard of Brussels, a mathematician who may 
have taught at the University of Paris in the first half of the thirteenth cen- 


The Physics of the Sublunar Region 295 


; For our purposes the most important characteristic of Gerard's brief 
ry on Motion. is the restriction of its contents to what we now call “ki- 
tics.” TO understand what this means we must briefly examine the 
distinction between kinematics and dynamics—a distinction that can then 
gerve as one of the organizing principles for the remainder of our discus- 
sion of medieval theories of motion. If we wish to investigate the motion of 
a body, there are basically two ways of going about it. We can concentrate 
on the causes of the motion, giving an account of the agents or forces that 
ced it and correlating them, perhaps, with the amount or speed of 
motion produced; or we can describe the motion without any reference to 
causation. The former enterprise, which focuses on causation, is known as 
“dynamics” the latter, limited to description (usually mathematical de- 
scription ), is known as “kinematics.” Gerard is important, then, as a har- 
binger of the kinematic tradition that was to develop in the Latin West.” 
That tradition flowered in the fourteenth century among a group of dis- 
tinguished fourteenth-century logicians and mathematicians associated 
with Merton College, Oxford, between about 1325 and 1350. This group 
included Thomas Bradwardine (d. 1349), subsequently appointed arch- 
bishop of Canterbury; William Heytesbury (fl. 1335); John of Dumbleton 
(d. ca. 1349); and Richard Swineshead (fl. 1340-55). To begin with, mem- 
bers of the Merton group made explicit the distinction between kinernatics 
and dynamics that was implicitly present in Gerard’s Book on Motion, not- 
ing that motion can be examined from the standpoint either of cause or of 
effect, The Merton scholars proceeded to develop a conceptual framework 
and a technical vocabulary for dealing with motion kinematically. Included 
in this conceptual framework and its vocabulary were the ideas of velocity 
and instantaneous velocity, both treated as scientific concepts to which 
magnitude could be assigned.” The Mertonians distinguished between 
uniform motion (motion at constant velocity) and nonuniform (or acceler- 
ated) motion. They also devised a precise definition of uniformly acceler- 
ated motion identical to our own: a motion is uniformly accelerated if its 
velocity is increased by equal increments in equal units of time. Finally, the 
Merton scholars developed a variety of kinematic theorems, several of 
which we will examine below.” 

Before we do that, we must consider the philosophical underpinnings 
of this kinematic achievement. The emergence of velocity as a new mea- 
sure of motion, to go along with the ancient measures (distance and time), 
is a development that needs to be explained. Velocity, after all, is quite an 
abstract conception, which did not force itself on the observer of moving 
bodies but had to be invented by natural philosophers and imposed on the 
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phenomena. How did this come about? The answer is found in the philo. 
sophical analysis of qualities and their strength or intensity. 

The fundamental idea was that qualities or forms can 
degrees or intensities: there is not just a single degree of warmth or cok 
but a range of intensities or degrees running from very cold to very hot 
Moreover, it was acknowledged that forms or qualities can Vary within this 
range; that is, they can be strengthened and weakened, or, to employ the 
technical medieval terminology, undergo intensification and remission 
Now when this general discussion of qualities and their intensification and 
remission was transferred to the particular case of local motion (motion 
being conceived as a quality or something closely analogous to a quality), 
the idea of velocity quickly emerged. The intensity of the quality of mo. 
tion—that which measured its strength or degree—could be none other 
than swiftness or (to employ the technical medieval term) velocity. Inten- 
sification and remission of the quality of motion must then refer to varia- 
tions in velocity. 

Thinking about qualities, theic intensity, and their intensification also 
gave rise to the distinction between the intensity of a quality and its exten. 
sion or quantity. An example will help us to understand this distinction, ft 
was obvious enough in the case of heat that one object could be hotter 
than another; here we have the idea of intensity or degree (more or less 
the same as our concept of temperature)" But it was apparent that there 
was also something more—namely, distribution of the quality of heat ina 
subject (a hot object). Suppose that we deposit heat of the same degree or 
intensity in two bodies, identical except that one has twice the volume of 
the other; it seems that the larger must contain twice the heat of the 
smaller. The irttensity of heat does not vary from one body to the other, but 
the larger has twice the quantity of heat. A consideration of weight yields a 
comparable distinction between degree or intensity of weight (our density 
or specific gravity) and the distribution of weight in a body (total quantity 
of weight). It was assumed that every other quality (including motion) 
could be looked at in the same way; and thus arose the general distinction 
between the intensity of a quality and the quantity of that quality,” 

News of the Merton College achievements in the analysis of qualities 
was transmitted quickly to other European intellectual centers, In the pro- 
cess, the analysis was enriched and clarified by the addition of a sytem of 
geometrical representation. The original analysis of qualities at Merton 
College was carried out verbally, in much the same way as we have been 
analyzing it. However, the advantages of geometrical analysis were quickly 
recognized, and fairly elaborate systems of geometrical representation 


exist in varius 
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venqually worked out. One of the first to develop such a system was 

è e di Casali, a Franciscan from Bologna (who had also spent time in 
eT writing about 1351; a far more elaborate geometrical analysis 
Oct by Nicole Oresme at the University of Paris later in the 
à decade. An examination of Oresme’s scheme may prove as illuminat- 

% 8 ug as it no doubt did for his medieval readers, ‘ 

The first step was to represent the intensity of a quality by means of a 
segment—a relatively easy step for medieval scholars brought up on 
sale (who employed lines to represent time) and Euclid (who used 
a is tọ represent numerical magnitudes). If line segment AB (fig. 12.2) 
Rie a given intensity of some quality, then line segment AC repre- 
wrs twice that intensity. This is fine, but it has not yet gotten us very far. 
The critical next step was to employ this line to represent the intensity of 
the quality at any point of the subject. Take a rod AE (fig. 12.3), heated dif- 
ferentially, so that one end is hotter than the other. At point A and at every 
other point on the rod erect a vertical line representing the intensity of 
hear at that point. If the temperature increases uniformly from Ato E, then 
the figure will reveal a uniform lengthening of the vertical lines. Now 
Oresme made the system a good deal more abstract by substituting a hori- 
zontal line for the drawing of the rod. This has the effect of creating a gen- 
eralized system of representation (see fig. 12.4) in which the horizontal 


Fig. 12.2. The use of a line segment 
A B C torepresent the intensity ofa quality. 


'MPERATURE 
Fig. 12.3. The distribution of temperatures in a rod. TE: 


intensity 


Fig. 12.4, Nicole Oresme’s system 
for representing the distribution of 
any quality in a subject. 

subject line or extension 
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line (called the "subject line” or the “extension” 

whatever it might be, while vertical lines eee og ioe 
quality we choose at the points of the subject where they are jei es be 

What Oresme has produced is a form of geometrical ei: ens 
forerunner of modern graphing techniques—in which the sj gS 
figure (as in fig. 12.3) informs us about variations in the pe na 
quality over its subject. But how do we make the transition fona R 
in general to motion in particular? One way is to consider a body isa 
ferent parts of which move with different velocities; a rod held fe d 
through one end and rotated about that pin would be a good ci i a 
such a case, we can draw the rod horizontally and erect a perpendi a E 
any point, indicating the velocity of that point. The result will be č “a 
bee pi velocities in a subject, as in figure 12.5. seesi 
ut there is another case, more dificult because i 

stract treatment. Suppose we have a body that as Sak 
parts having the same velocity, but a velocity that varies over time. The 2 
to understand this, Oresme explained, is to see that here the subject ling 
not the extension of a corporeal object, as in the examples Bae bu i 
duration ofa local motion. Time becomes the subject. This gives Re a i 
itive coordinate system in which velocity can be plotted as a function gy 
time (see fig. 12.6). Oresme proceeded to discuss various neak 5 j 
velocity with respect to time. Uniform velocity will be represented b A 
figure in which all the vertical lines are of equal length—that is, a K. 
tangle. Nonuniform velocity requires verticals of variable length. "within 
this category of nonuniform velocity, we have uniformly nonuniform vë- 


Fig. 12.5. The distribution of ve- 
locities in a rod rotating about one 
end, 

subject or extension 


velocity 


Fig. 12.6. Velocity as a function of 
time time. 
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Fig. 12.7. The representation of various motions. 


(a) Uniform velocity. 
(b) Uniformly nonuniform velocity (uniformly accelerated motion} 


(c) Nonuniformly nonuniform velocity. 


locity (uniformly accelerated motion), represented by a triangle, and non- 
uniformly nonuniform velocity, represented by a variety of other figures 
(see fig. 12.7). Finally, how did Oresme deal with that other feature of 
qualities noted above—their total quantity? He identified the total quantity 
of motion with the distance traversed; he argued, moreover, that in the 
velocity-time diagram this must be represented by the area of the figure. 

Oresme has thus developed a very clever geometrical system for the 
representation of motion. Did he and those who followed him merely sit 
and admire it, or could they do something with it? The fact is they suc- 
ceeded in developing kinematic theorems that revealed some notable 
mathematical characteristics of uniform or uniformly accelerated motion. 
‘The most important case was the latter, represented in figure 12.7(b). This 
case was of special interest in the fourteenth century, not because it was 
identified with any particular motion in the real world but because it 
offered a substantial mathematical challenge. Let us examine two impor- 
tant theorems applicable to uniformly accelerated motion. 

The first had already been stated, without geometrical proof or illustra- 
tion, by the Merton scholars; it is now known as the “Merton rule” or the 


y 
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“mean-speed theorem.” This theorem seeks to find a 

formly accelerated motion by comparing it with A eN for uni 
orem claims that a body moving with a uniformly decelerated al i 
covers the same distance in a given time as if it were to move for on 
duration with a uniform speed equal to its mean (or average) s a 
pressed in numerical terms, the claim is that a body accelerating pa 0 be 
from a velocity of 10 to a velocity of 30 traverses the same lees ‘ 
body moving uniformly for that same period of time with avelocity of k: 
Now Oresme provided a simple but elegant geometrical proof of this a 
orem. The uniformly accelerated motion can be represented by tria a 
ACG (fig. 12.8) and its mean speed by line BE. The uniform motion Pas 
to be compared with this must therefore be represented by recat 
ACDF (the altitude of which is BE, the mean Speed of the uniformly accel- 
erated motion), The Merton rule claims simply that the distance traversed 
by the one motion is equal to the distance traversed by the other. Since, in 
Oresme's diagrams, distance traversed is measured by the area of the Be 


ure, we can prove the theorem by showing that the area of triangle AGG 


equals the area of rectangle ACDF A glance at the two figures wilt reveal 
that this is so.” 

The second theorem, like the first, aimed to elucidate the mathematical 
properties of uniformly accelerated motion by means of a comparison in- 
volving distances traversed. In this case, the distance covered in the first 
half of a uniformly accelerated motion was compared to the distance env- 
ered in the second half of the same motion; the claim was that the latter is 
three times the former. To prove this theorem geometrically, we need 
merely show that the area of quadrangle BCGE (fig. 12.8), which repre- 
sents the distance covered in the second half of the time, BC, is three times 
the area of triangle ABE, representing the distance traversed in the first half 
of the time, AB. Once again, inspection will establish that this is the case.” 

Finally, two general points need to be made. First, we must remind Qur- 
selves that medieval kinematics was a totally abstract endeavor—much like 
modern mathematics. It was claimed, for example, that if a uniformly ace 


Fig. 12.8. Nicole Oresme’s geomet- 
A B € rical proof of the Merton rule. 
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jed motion were to exist, iben the Merton rule would apply to it. 
E- did a medieval scholar identify an instance of such motion in the 
Mg wortd Is there a satisfactory explanation of such seemingly odd be- 
havior? Yes, there is. Given the technology available in the Middle Ages 
(pF jcularly for the measurement of time), demonstrating that a particular 
k mation W25 uniformly accelerated would have been a considerable feat; 
3 even inthe twentieth century, imagine the difficulty of producing or identi- 
‘fying uniformly accelerated motion without the kind of equipment avail- 
able in a physics laboratory. But perhaps more importantly, the medieval 
scholars who developed this kinematic analysis were mathematicians and 
Jogicians: and no more than modern mathematicians and logicians would 
they have thought of moving their place of labor from the study to the 
workshop 
Second, out of this purely intellectual labor came a new conceptual 
framework for kinematics and a variety of theorems (the Merton rule, for 
example) that figured prominently in the kinematics developed in the sev- 
enteenth century by Galileo—through whom they entered the main- 
stream of modern mechanics.” 


THE DYNAMICS OF LOCAL MOTION 


Having dealt at length with medieval kinematics—the effort to describe 
motion mathematically—I must conclude this discussion of medieval me- 
chanics with a brief account of contributions to the causal analysis of mo- 
tion. The starting point of all dynamical thought in the Middle Ages was the 
Aristotelian principle that moved things are always moved by a mover. We 
must first get clear on what this principle was taken to mean in the Middle 
Ages. We will then look at attempts to identify the mover in several particu- 
larly difficult cases of motion. And finally we will examine attempts to 
quantify the relationship between the force or power of a mover and the 
resulting velocity of the moved body. 

Aristotle, the reader will recall, divided motion into two categories: 
natural and forced. A natural motion, by which an object moves toward its 
natural place, apparently arises from an internal principle, the nature of 
the body. A motion in any other direction must be a forced motion, 
produced by the application of an external force in continuous contact 
with the moved body. This seems clear enough in broad outline, but prob- 
lems arose when medieval scholars attempted to bring precision to the 
identification of the mover in natural motion and in one particularly 
troublesome case of forced motion. 
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In his Physics, where he gave an account of the mover for natural 


tion, Aristotle vacillated, suggesting first that natural motion may resale _ 


from an internal cause, the nature of the body, but arguing later that the 
nature of the body cannot be the whole story and that the participation : 
an external mover is also required. Aristotle's ambivalence Posed an N 
vious problem for his medieval followers, who felt compelled to ing } 
whether or not it is sufficient to affirm that the body is moved:by: its oa 
nature. Avicenna and Averroes considered this explanation unacce i 

on the grounds that it did not distinguish sufficiently between that whichis 
moved (the body) and that which moves it (the nature of the bodvj. 
discovered what seemed to them an adequate alternative in the form. 
matter distinction, proposing that the form of the body is the mover, while 
its matter is the thing moved. In the West, Thomas Aquinas repudiated this 
solution, reminding his readers that matter and form are inseparable and 
cannot be treated as distinct rhings. Aquinas argued instead (reviving one 
of Aristotle’s proposals) that the mover in the case of natural motion is 
whatever generated the body outside its natural place to begin with; there. 
after the body requires no mover but simply does what comes naturally. 
The debate over this issue continued through the later Middle Ages, with 
no clear victor.” 

The particular case of forced motion that proved troublesome was that 
of projectiles; the problem was to explain their continued motion after 
they lose contact with the original projector. Aristotle had assigned causa 
tion to the medium, arguing chat che projector simultaneously projects the 
projectile and endows the surrounding medium with the power to 
produce motion; this power is transmitted from part to part in such à way 
that the projectile is always surrounded by a portion of the medium ta- 
pable of moving it. It was clear from this account that an external force, 
continuously in contact with the projectile, is required. 

The first major opposition to Aristotle’s explanation came in the com- 
mentary on Aristotle’s Physics by the sixth-century Alexandrian philoso- 
pher John Philoponus (d. after 575), to whom it seemed that the medium 
serves as resistance rather than mover and who doubted that it could servé 
both functions simultaneously. As a Neoplatonist and a dedicated anti- 
Aristotelian, Philoponus launched a broad attack on Aristotelian natural 
philosophy, including the notion that forced motions require external 
movers. He proposed, rather, that all motions, natural and forced alike, aré 
the result of internal movers. Therefore, when a projectile is hurled, the 
projector impresses on the projectile an “incorporeal motive force,” and 
this internal force is responsible for its motion.” 
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‘ Although Philoponus’s impressed motive force had radically anti-Aristo- 
a jan origins, it was eventually absorbed into the medieval Aristotelian tra- 
{inion philoponus'’s commentary on Aristotle’s Physics had an influential 
eareet in. Arabic translation and seems to have had an indirect impact on 
jeval Latin thought, although the details of transmission remain to be 
fully rra * In the thirteenth century, theories bearing a close resem- 
i blance +0 that of Philoponus were discussed and rejected by Roger Bacon 
and Thomas Aquinas. In the foucteenth century, the theory of impressed 
was defended, first by the Franciscan theologian Franciscus de 
Marchia (fl. 1320), subsequently by John Buridan (ca, 1295~ca. 1358) and 
others. Let us examine Buridan’s version of the theory, often considered its 
most advanced form. 

Buridan employed a new term, “impetus,” to denote this impressed 
foree—terminology that remained standard down to the time of Galileo. 
Buridan described impetus as a quality whose nature it is to move the 
body in which it is impressed, and took pains to distinguish this quality 
from the motion it produces: “Impetus is a thing of permanent nature dis- 
tinct from the local motion in which the projectile is moved. . . . And it is 
probable that impetus is a quality naturally present and predisposed for 
moving a body in which it is impressed.” In defense of the impetus theory, 
Buridan pointed to the analogous case of a magnet, which is able to im- 
press in iron a quality capable of moving that iron toward the magnet. Like 
any quality, impetus is corrupted by the presence of opposition or resis- 
tance, but otherwise retains its original swength. Buridan took a first step 
toward quantifying impetus by declaring its strength to be measured by 
the velocity and the quantity of matter of the body in which it inheres. Fi- 
nally, Buridan extended the explanatory range of the impetus theory be- 
yond simple projectile motion, arguing that motion in the heavens might 
plausibly be explained by God’s imposition of an impetus on the celestial 
Spheres at the moment of creation; because the heavens offer no resis- 
tance, this impetus would not be corrupted, and the celestial spheres 
would be moved (as observation reveals they are) with an eternally un- 
changing motion. And he explained the acceleration of a falling body by 
the assumption that as the body falls its gravity continually generates addi- 
tional impetus in the body; as the impetus increases, it gives rise to increas- 
ing velocity.” 

The theory of impetus became the dominant explanation of projectile 
motion until the seventeenth century, when a new theory of motion, which 
denied that force (either internal or external) is required for the continua- 
tion of unresisted motion, gradually won acceptance. There have been 
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many attempts to view the theory of impetus as an important step j 

direction of modern dynamics; for example, attention has “an 2 oS 
called to the quantitative resemblance between Buridan’s inp 
locity x quantity of matter) and the modern concept of momentum a 
locity X mass). No doubt there are connections, but we must note a 
Buridan’s impetus was the cause of the continuation of Projectile pi 
whereas our momentum is the measure ofa motion that requires no en 
for its continuation so long as no resistance is encountered, In short S 
idan was still working within a conceptual framework that was fondam a 
tally Aristotelian; and this meant that he was a world (or worldview) a a 
from those natural philosophers in the seventeenth century who forna 
lated a new mechanics based on a new conception of motion and inertia 


THE QUANTIFICATION OF DYNAMICS 


One question remains: is it possible to quantify the dynamic relations be: 
tween force, resistance, and velocity? Many medieval scholars believed thar 
it was. The problem went back as far as Aristotle, who had made abriefand 
preliminary stab at quantitative analysis, defending a variety of propusi- 
tions such as the following: the greater the weight (of a falling body), the 
swifter its motion; the greater the resistance (encountered by a falling 
body), the slower its motion; and the smaller a moved object, the more 
rapidly a given force will move it. Historians have managed, by concerted 
effort, to extract a mathematical relationship from these claims, attributing 
to Aristotle the view that velocity is proportional to the force and inversely 
proportional to the resistance. Expressed in modern terms, this becomes: 


vx F/R 


This relationship is unquestionably useful as an economical means of con- 
veying substantial pieces of Aristotelian dynamics, which explains why it 
continues to be repeated. But it is also potentially misleading and must be 
employed with great caution. Aristotle would certainly not have agreed! 
that velocity is proportional to force and inversely proportional to resis- 
tance for all values of F and R, as the mathematical form of the relationship 
might suggest. Moreover, he had no clear conception of velocity as a tech- 
nical, quantifiable philosophical or scientific term. 

Aristotle's dynamic ideas had clear implications for the possibility of mo- 
don in a void. If it is true that the swiftness of a falling body is a function of 
the resistance it encounters, then in a vacuum, where there is no resistance 
at all, there would be nothing to retard the motion of the body; in that case 
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jpwould move with infinite swiftness. Since infinitely swift motion is ab- 
$ eg. Aristotle argued,” it is plain that a vacuum is impossible. Now it was 
this use of his theory of motion to prove the impossibility of a void that 
rovoked a broad attack from the Alexandrian Neoplatonist John Phi- 
nus, Philoponus appealed to everyday observation to refute the basic 
‘Aristotelian claim that the time of descent for a body falling through a me- 


dium is inversely proportional to the weight: 


But this [view of Aristotle] is completely erroneous, and our 
view may be corroborated by actual observation more effec- 
tively than by any sort of verbal argument. For if you let fall 
from the same height two weights, one many times as heavy 
as the other, you will see that the ratio of the times required 
for the motion does not depend [solely] on the ratio of the 
weights, but that the difference in time is very small. And so, if 
the difference in the weights is not considerable, that is, if 
one is, let us say, double the other, there wil! be no differ- 
ence, or else an imperceptible difference, in time. . . .* 


Tf Aristotle’s theory is false, what is the truth? Philoponus urged his reader 
to think about falling bodies in the following way. The efficient cause of the 
descent of a falling body is weight. In a void, where there is no resistance, 
the sole determinant of motion will be the weight of the body; conse- 
quently, heavier bodies will traverse a given distance more rapidly (that is, 
in less time) than will lighter bodies; and, of course, none of them will 
move with infinite speed, as Aristotle had supposed. (Philoponus did not 
state that the rapidity of motion in the void would be directly proportional 
to the weight, but perhaps he expected this to be assumed.) Now in a me- 
dium, the resistance of the medium slows the motion by a certain amount, 
and the net effect of this slowing is to close the gap in swiftness between 
heavier and lighter bodies, leading to the observed results described in 
the quotation above. 

Philoponus’s point of view was developed and defended in Islam by 
Avempace (Ibn Bajja, d. 1138). Avempace, in turn, was attacked by Averroes; 
and through Averroes the controversy was transmitted to the West, where 
it was resumed by the fourteenth-century Mertonian Thomas Bradwardine. 
But with Bradwardine there was a difference. Whereas all of his predeces- 
sors had been interested primarily in the nature and causes of motion, Brad- 
wardine was determined to view the problem in mathematical terms. This 
meant that he had to begin by giving a mathematical formulation of each of 
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the alternatives—three of which he was able to identify, Bradwardine on 
pressed these alternatives in words rather than mathematical symbols, bug 
the following formulas adequately capture his intent, 
First theory (no doubt meant to represent the opinion of Phi- 
loponus and Avempace): 


VarF-R 
Second theory (suggested by a passage in Averroes); 
F-R 
R 


Vou 


Third theory (representing the traditional interpretation of 
Aristotle): 


F 
Vax 
R 


Bradwardine was able to refute each of these theories by calling attention 
to its absurd or unacceptable consequences. The first theory, for example, 
fails on the grounds that it contradicts Aristotle's claim that doubling both 
the force and the resistance will leave the velocity unchanged. And the 
third theory fails on the grounds that it does not predict zero velocity 
when the resistance is equal to or larger than the force. 

In place of these discredited theories Bradwardine proposed an alter. 
native “law of dynamics.” There is no easy way of stating Bradwardine's 
“law.” To remain close to Bradwardine’s own account would lead us more 
deeply into the medieval theory of the compounding of ratios than we can 
afford to go. Perhaps the simplest modern way of expressing the mathe- 
matical relationship that Bradwardine had in mind is to state that accord- 
ing to his “law” velocity increases arithmetically as the ratio F/R increases 
geometrically. That is, in order to double the velocity, we must square the 
ratio F/R; to triple the velocity, we must cube the ratio F/R; and so on. Or 
consider the following numerical example: 


Apply first a force (F) of 4, then a force (F,) of 16, to a body 
that offers a resistance (R) of 2. First calculate the F/R ratios: 


RE? 
ELIGA 
Ree eae 
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What will be the ratio of the velocities produced? Since 8 is 
the cube of 2, the velocity produced by the force of 16 will be 
three times the velocity produced by the force of 4.* 


hree points need to be made about Bradwardine's achievement. First, 
we make Bradwardine’s “law” more complicated than it really was by 
ressing it, as we have done above, in modern terms. We need to under- 
stand that in the medieval mathematical tradition within which Bradwar- 
dine was working, the way to talk about the compounding or increase of 
ratios was through the language of addition. Therefore, the operation that 
we refer to as the multiplication of two ratios would have been, in Brad- 
wardine’s terminology, the addition of one ratio to the other; and what we 
refer to as the squaring of the ratio F/R would have been, in his terms, the 
doubling of F/R. Consequently, instead of relating geometrical increases in 
the ratio F/R to arithmetical increases in the velocity (as we did above), 
Bradwardine would merely have stated that to “double” the velocity you 
must “double” the ratio of F to R. In short, Bradwardine proposed not 
some esoteric mathematical relationship, but (as one historian has re- 
cently put it) "the least complicated expression available to him.” * 
Second, Bradwardine’s formulation of a “law of dynamics” proved influ- 
ential. Its implications were brilliantly worked out by Richard Swineshead 
and Nicole Oresme in the fourteenth century, and the law continued to be 
discussed as late as the sixteenth century.” Third, whatever our precise 
evaluation of Bradwardine’s achievement, we must acknowledge that his 
enterprise was unmistakably a mathematical one. It is true that his refuta- 
tion of the alternatives included appeal to everyday experience, but it is 
clear that his primary aim was to satisfy the criteria of mathematical coher- 
ence. In short, Bracwardine neither discovered nor defended his “law” by 
experimental means; nor is it clear what benefits an experimental ap- 
proach, if he had been inclined to adopt it, could have rendered. The task 
undértaken by medieval scholars was the formulation of a conceptual and 
a mathematical framework suitable for analyzing problems of motion. 
Surely this was the first order of business, and medieval scholars carried it 
out brilliantly. The further task of interrogating nature, in order to find out 
whether it would accept the conceptual framework thus formulated, was 
left to future generations. 


THE SCIENCE OF OPTICS 


Ë conclude this analysis of sublunary physics with a brief account of the 
science of optics (or perspectiva, as it came to be called in Latin 
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Christendom). The decision to treat optics in this chapi 


ter iş somewhat 


one way or another with many subjects, including mathematics, 
a 


But it will fit here well enough. 

The works of Aristotle, Euclid, and Ptolemy, which had do 
Greek thought about light and vision, were all translated into $ 
Bave rise to a substantial Islamic tradition of optical studi i 
Greek approaches to optical phenomena were aes meme g 
and extended. But the major achievement of Islamic optics sad the 
cessful integration of these separate and incompatible Greek Optical t: S 
tions into a single comprehensive theory. i- 

Most Greek optical thought was narrowly focused, guided by one or 
other relatively narrow set of criteria. Aristotle, for example, wag cad 
cerned almost exclusively with the physical nature of light and the physi 
mechanism of contact in visual perception between the observed obieg 
and the observing eye; neither mathematical analysis nor anatomical or 
physiological issues occupied a significant place in his theory, Specifically, 
he argued that the visible object produces an alteration of the transparent 
medium; the medium instantaneously transmits this alteration to the ob- 
server's eye, with which it is in contact, to produce sensation. This is an 

intromission” theory—so called because the agent responsible for vision 
passes from the observed object to the eye. The Greek atomists, who also 
demanded a physical account of vision, identified a different causal 
agent—a thin “skin” or “simulacrum” of atoms “peeled” from the outer 
surface of the object, rather than an alteration of the transparent me- 
dium—but joined Aristotle in the belief that a causal theory must be an 
intromission theory. 

Euclid’s concerns, by contrast, were almost exclusively mathematical: 
the aim of his Optics was to develop a geometrical theory of the perception 
of space, based on the visual cone, with only minimal concern for the non- 

mathematical aspects of light and vision. According to his theory of vision, 
radiation emanates from the eye in the form of a cone; perception ocurs 
| When the rays within the cone are intercepted by an opaque object. The 
perceived size, shape, and location of the object are determined by the 
pattern and location of intercepted rays. Because it holds that radiation 
issues from the eye, we refer to this as an “extramission” theory. 

Finally, physicians such as Herophilus and Galen were preoccupied with 
the anatomy of the eye and the physiology of sight. Galen revealed a firm 
grasp of the mathematical and causal issues, but made his principal contri- 


bitrary, for optics was a discipline of exceedingly broad reach, afl an 
r alate in 


cosmology, theology, psychology, epistemology, biology, and men 


Arabic and. 
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“aon to visual theory through an analysis of the anatomy of the eye and 
S participation of the various organs forming the visual pathway in the 


of vision. 

Be: simic contribution, as I have indicated, was to produce a merger 
ofthese disparate Greek theories. The primary architect of the merger was 
prilliant mathematician and natural philosopher Alhazen (Ibn al- 
am, ca. 965—ca. 1040)—although Ptolemy, the last great optical 
‘ter of antiquity, had pointed the way. Our analysis of Alhazen’s achieve- 
ment will be simplified if, for the moment, we lay aside the anatomical and 
iological concerns of the medical tradition and restrict our attention 

to the mathematical and physical aspects of vision. 

To þegin, it is important to notice that ancient theories of vision with 
mathematical aims (those of Euclid and Ptolemy) invariably assumed the 
extramission of light from the eye, while theories with physical plausibility 
a5 their primary concern (if we may judge from the works of Aristotle and 
the atomists) tended to assume the intromission of light into the eye” If 
there was any doubt about this correlation, it would have been removed 
for the attentive reader of Aristotle’s works by the discovery that on the 
one occasion when he attempted a mathematical analysis of optical phe- 
nomena (in his theory of the rainbow), Aristotle employed an extramis- 
sion theory of vision.” 

What Alhazen achieved, then, was twofold. First of all, he demolished 
the extramission theory with a compelling set of arguments. For example, 
he called attention to the ability of bright objects to injure the eye (noting 
that it is the nature of injury to be inflicted from without) and inquired 
how it would be possible, when we observe the heavens, for the eye to be 
the source of a material emanation that fills all of the space up to the fixed 
stars. Having refuted the extramission theory, he proceeded to formulate 
and defend a new version of the intromission theory, which appropriated 
the visual cone of the extramissionists. Along with the visual cone came 
the mathematical power of the extramission theory, which was thereby 
coupled for the first time with the satisfying physical explanations pro- 
vided by the intromission theory. This might seem a simple step, but con- 
sider some of the obstacles.” 

In the first place, ancient writers offered no theory of radiation adequate 
for Alhazen’s purposes. In ancient sources, radiation was generally pre- 
sented as a holistic process in which the visible object radiates as a co- 
herent unity, Radiation was not thought to proceed independently from 
individual points (as in modern optical theory); rather, the object as a 
whole was held to send a coherent image or power through the medium 
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Fig. 12.9. Incoherent radiation from two points of a luminous body. 


to the eye (as in the atomists’ theory of films or simulacra). There was no 
way of imposing a visual cone on such a conception of the process of radi 
ation. However, a new conception of radiation was formulated by the phi 

losopher al-Kindi (d. ca. 866) and adopted (or independently invented) by 
Alhazen. Al-Kindī and Alhazen conceived radiation as an incoherent pro- 
cess, in which individual points or small parts of the luminous body radi- 
ate not as a coherent group but each one independently of the others and 
in all directions (see fig. 12.9). 

This was an important innovation, but it raised new problems for any- 
body hoping to defend an intromission theory of vision. Can an incoherent 
process of radiation from visible objects account for the coherent visual 
perception that all normal-sighted people experience? If every point of the 
visible object radiates in all directions, then surely every point in the eye 
will receive radiation from every point in the visual field (see fig. 12.10). 
This should lead to total confusion rather than clear perception. What we 
require to explain our perceptual experience is a one-to-one correspon- 
dence, each point of the principal sensitive humor or organ of the eye 
(identified by Galen and his followers as the crystalline humor or lens) 
responding to radiation from one point in the visual field; and if possible, 
the pattern of recipient points in the eye should exactly replicate the 
pattern of radiating points in the visual field, thus explaining the corre- 
spondence between the world out there and the world as we see it, 

Alhazen’s solution to this problem was to argue that although every 
point in the visual field does indeed send radiation to every point in the 
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visible object 


Fig, 12.10. Rays issuing from the 
endpoints of the visible object mix- 
ing within the eye, For the sake of 
simplicity, the bending of rays by 
refraction at the various interfaces 
has not been shown. 


eye, not all of this radiation is capable of making itself felt. Only one ray 
from each point in the visual field, he pointed out, falls on the eye perpen- 
dicularly (see fig. 12.11); all others fall obliquely and are refracted. As a re- 
sult of refraction these other rays are weakened to the point where they 
play only an incidental role in the process of sight. The primary sensitive 
organ of the eye, the crystalline humor or lens, pays attention to the per- 
pendicular rays, and these happen to form a visual cone, with the visual 
field as base and the center of the eye as vertex. Alhazen has thus achieved 
his aim: by successfully importing the visual cone of the extramissionists 
into the intromission theory, he has combined the advantages of extramis- 
sionism and intromissionism; he has united the mathematical and physical 
approaches to vision in a single theory. It is important to add, though we 
do not have space to delve into it, that he also incorporated the anatomical 
and physiological ideas of the Galenic tradition (fig. 12.11 conveys his basic 
conception of the anatomy of the eye), thus producing a unified visual the- 
ory, answering to all three kinds of criteria. 

Visual theory may have been the centerpiece of Alhazen’s optics, but his 
interests extended to the whole range of optical phenomena. He analyzed 
the nature of the radiation associated with light and color, distinguishing 
between naturally luminous objects and those that shine with derived or 
secondary light. He considered the physics of reflection and refraction. He 
continued and extended the mathematical analysis of radiating light and 
color, dealing in sophisticated fashion with problems of image-formation 
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crystalline humor 


vitreous humor 


Fig. 12.11. The visual cone and the 
eye in Alhazen’s intromission the. 
ory of vision, Rays from the Object 
that fall obliquely on the eye (and 
ERE undergo refraction) are not shown, 
Ieading to bran since they enter only incidentally 
into the process of vision. 


by reflection and refraction. And he offered a serious and influential dis: 
cussion of the psychology of visual perception. 

; Alhazen’s Optics exercised a powerful influence on Western optics after 
its translation into Latin late in the twelfth century or early in the thir. 
teenth. But it was not the only influential source. Plato's Timaeus had lo 
been available; not only did it address vision, but it had also given rise nt 
substantial tradition of Neoplatonic optical thought. The optical works of 
Euclid, Ptolemy, and al-Kindi, translated in the second half of the twelfth 
century, revealed the promise of a mathematical approach to optics at a 
time when Alhazen’s Optics was not yet available. Writings by Aristotle, Avi- 
cenna, and Averroes left the definite impression that the real problems 
were physical and psychological, rather than mathematical. And a variety of 
sources, including a small work by Hunayn ibn Ishaq, conveyed the ana- 
tomical and physiological content of the Galenic tradition. As in so many 
other areas, then, Western scholars found themselves suddenly enriched 
with a splendid new body of knowledge—but one that was complex 
rather than simple, containing conflicting ideas and tendencies, The prob- 
lem confronting Western scholars was to reconcile and harmonize, re- 
working this perplexing intelectual heritage into a coherent and unified 
philosophy of nature, 

Among the first to undertake such efforts were two distinguished Ox- 
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lars; Robert Grosseteste in the 1220s and 1230s and Roger Bacon 
the 12605 ‘Working early in the century, Grosseteste (ca. 1168-1253) was 
pandicapped by an impertect knowledge of the optical sources listed 
.. and his optical writings were valuable primarily as inspiration. It 
Roger Bacon (ca. 1220—ca. 1292), inspired by Grosseteste but with the 
e of full mastery of the optical literature of Greek antiquity and 
medieval Islam, who determined the future course of the discipline. 

“Following the broad outlines of optical theory as it was developed by 

. Bacon adopted Alhazen’s intromission theory of vision in almost 
all of its details. He was extraordinarily impressed by Alhazen’s successful 
mathematical analysis of light and vision, and in his own works he effec- 
tively communicated the promise of the mathematical approach to future 
generations. But Bacon (like many of his generation) was convinced that 
all of the ancient and Islamic authorities were in fundamental agreement, 
and he was therefore committed to showing that all (or almost all) who 
had written about light and vision were of one mind. This meant that he 
would have to reconcile the optical teachings of such a diverse group as 
Aristotle, Euclid, Alhazen, and the Neoplatonists. Two examples will serve 
to illustrate how he managed this feat.“ 

Regarding the direction of radiation (from or toward the eye—the point 
of contest between the extramissionists and the intromissionists), Bacon 
agceed with Alhazen and Aristotle that vision occurs only through intromit- 
ted rays. What then of the extramitted rays advocated by Plato, Euclid, and 
Ptolemy? Clearly they could not be responsible for vision, but they could 
still exist and play an auxiliary role in the visual process—that of preparing 
the medium to receive the rays emanating from the visible object and of 
ennobling the incoming rays to the point where they could act on the eye. 
Regarding the nature of the radiation, Bacon accepted the Neoplatonic 
conception of the universe as a vast network of forces, in which every ob- 
ject acts on objects in its vicinity through the radiation of a force or like- 
ness of itself. Moreover, he conceived this universal force to be the 
instrument of all causation and, on this basis, developed (what proved to 
be) an influential philosophy of nature. As for light and color, Bacon ar- 
gued that they (and any other visible agents discussed by the optical au- 
thors) were merely particular manifestations of this universal force.” 

Bacon's was not the only voice addressing optical problems in the sec- 
ond half of the thirteenth century, but it was in large part through his in- 
fluence and that of two younger contemporaries—another English 
Franciscan, John Pecham (d. 1292), and a Polish scholar named Witelo 
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Fig. 12.12. A page from the Perspectiva communis of John Pecham, by far the most popular 
Optical text in the medieval universities. Kues, Bibliothek des St Nikolaus-Hospitals, MS 212, 
fol. 240v (early 15th ¢.)—a manuscript that once belonged to Nicholas of Cusa. Refraction of 


light is represented in the upper left-hand corner, various patterns of radiation in the remain- 
ing diagrams. 
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cted with the papal court—that Alhazen’s optical 
3 a ae ke combined ede eee Sa ap- 
Be pecame dominant in Western thought. When theories of light and 
i 4 peared in fourteenth-century natural philosophy (as they fre- 
Eo 7 especially in epistemological discussions), they were almost 
Fe erived from the tradition of Alhazen and Bacon. When Johannes 
ei began to think about visual theory in the year 1600 (efforts that led 
a tually to his invention of the theory of the retinal image), he took up 
Mi coiem where Bacon and Pecham and Witelo had left it.” 


THIRTEEN 
Medieval Medicine and 
Natural History 


THE MEDICAL TRADITION OF THE EARLY MIDDLE AGES 


Medieval medicine was an outgrowth and continuation of the ancient 
medical tradition (examined above, chap. 6). Medieval medical practi- 
tioners were heirs to Greek and Roman theories of health and disease, di- 
agnostic techniques, and therapeutic procedures. But access to this ancient 
legacy was partial and sometimes precarious, and the portions of it that 
were available in medieval Islam and Christendom had to be adapted to 
new cultural circumstances that profoundly shaped their development 
and use.” 

It ig difficult to get a clear picture of early medieval medicine in the 
‘West. The social and economic chaos that accompanied the disintegration 
of the Roman Empire probably did not seriously affect the craft side of 
healing—the treatment of wounds and common ailments, midwifery, 
bone-setting, the preparation and distribution of familiar remedies, and 
the like. Especially in rural areas and on the domestic front, people skilled 
in the healing arts continued to practice their craft more or less as local 
healers had always done. What suffered from Roman collapse was the 
learned, and especially the #beoretical or philosophical, component of 
medicine. The decline of schools and the gradual disappearance of facility 
in Greek increasingly deprived the West of the learned aspects of the Greek 
medical tradition, so that the number of medical practitioners with a com- 
mand of the learned traditions of ancient medicine declined precipitously. 

This is not to suggest that the West was totally cut off from Greek medi- 
cal knowledge. Medicine received a certain amount of coverage in early 
Latin encyclopedias—those of Celsus, Pliny, and Isidore of Seville, for ex- 
ample? Moreover, by the middle of the sixth century, a small collection 
of Greek medical writings was available in Latin translation. But Greek 
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medical literature covered a broad spectrum of medical interests, fram 
theoretical to practical, and the translated works tended toward the prac 
tical. Included were several works by Galen and Hippocrates, a Collection 
of excerpts from Greek medical sources assembled by Oribasius (f. ath 
4.D.), a handbook for midwives by Soranus (1st c. A.D.), and the great phar. 
macopeia (De materia medica) of Dioscorides (fl. 50~70 a.p.). 

The practical, therapeutic orientation of early medieval medicine is 
nicely illustrated by Dioscorides’ Materia medica and the pharmaceutical 
tradition it spawned. Containing descriptions of some nine hundred plant, 
animal, and mineral products alleged to have therapeutic value, Dioscori- 
des’ work was one of the monumental achievements of Hellenistic medi- 
cine. Translated into Latin in the sixth century, it enjoyed only a limited 
circulation during the early Middle Ages, perhaps because it was too com- 
prehensive to be useful—containing, as it did, descriptions of many sub- 
stances unavailable to carly medieval Europeans. Far more popular was a 
shorter, illustrated herbal entitled Ex berbis femininis, based on Divseori- 
des but containing descriptions of only seventy-one medicinal plant sub. 
stances, all available in Europe. Many additional collections of medical 
recipes were produced in the course of the early Middle Ages.* 

Who were the medical practitioners able to make use of these texts? In 
Italy, the Roman pattern of secular, nonreligious medicine persisted, al- 
though it no doubt experienced quantitative decline. Publicly salaried phy: 
sicians could still be found in early sixth-century Italy under Ostrogothic 
rule. Alexander of Tralles (a Greek physician) is known to have practiced 
in Rome in the second half of the sixth century. And a variety of evidence 
points to the continued existence of lay medical practice at royal courts 
(for example, that of the Frankish king Clovis at the end of the fifth cèn- 
tury) and in major cities (Marseilles and Bordeaux) outside Italy> 

But increasingly the most hospitable settings for medical practice seem 
to have been religious ones, particularly monasteries, where the care of 
sick members of the community was an important obligation. Our earliest 
evidence comes from Cassiodorus (ca. 480—ca. 575), founder of a monas- 
tery at Vivarium, who instructed his monks to read Greek medical works in 
Latin translation, including the works of Hippocrates, Galen, and Dioscori- 
des (possibly a reference to Ex berbis femininis). Other evidence reveals a 
high level of medical practice, including the use of secular medical litera- 
ture, in such monastic centers as Monte Cassino, Reichenau, and St. Gall § It 
is probable that substantial medical expertise could be found in most 
monasteries, except the very smallest, throughout the Middle Ages. And 
although the medicine practiced within the monastery was intended pri- 
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Fig. 13.1. A page from a Greek manuscript of Dioscorides’ Materia medica. Paris, Bibliotheque 
Nationale, MS Gr. 2179, fol. 5r (9th c.). 
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marily for the members of the monastic community, there is no doubt, that 
on occasion it was made available to others—pilgrims, visitors, and the 
surrounding population. 

The presence, in a monastic environment, of secular medical literature 
and the medical practices linked with it raises an obvious question, which 
we must now consider: how did the traditions of Greek and Roman secular 
medicine interact with Christian ideas about healing? There is no simple 
answer, but we can begin to make sense of the complex reality if we keep 
in mind (1) that a philosophical tension did emerge between the nary. 
ralism of the medical tradition (the assumption that only natural causes are 
at work) and supernaturalist traditions (miraculous healing) within Chris. 
tianity; (2) that most people (including literate people) were not philo- 
sophically inclined, and therefore few ever noticed the tension; and (3) that 
for those who did, there were various ways of easing or resolving the ten- 
sion, short of repudiating one kind of healing or the other. 

The sources of tension are obvious enough. As medieval Christianity 
matured, it became common for sermons and religious literature to teach 

| that sickness is a divine visitation, intended as punishment for sin or a 
| stimulus to spiritual growth. The cure, in either case, would seem to be 
| spiritual rather than physical. Moreover, within medieval Christianity there 
developed a widespread tradition of miraculous cures, associated espe- 
cially with the cult of saints and relics. And to complete the picture, we 
have the concrete evidence of religious leaders denouncing secular medi- 
cine for its inability to produce results.’ 

It is fairly easy to inflate such beliefs and attitudes into a general por- 
trayal of the Christian church as an implacable opponent of Greek and Ro- 
man medicine, resolutely committed to belief in supernatural causation 
and to the exclusive use of supernatural remedies. Unfortunately, such at- 
tempts seriously misrepresent the real historical situation. Although it is 
true that sickness was widely understood to be of divine origin, this did 
not rule out natural causes, for most medieval Christians shared the view, 
common since the Hippocratic writers, that an event or a disease could be 
simultaneously natural and divine (see above, chap. 6). Within a Christian 
context, it made perfectly good sense to believe that God customarily em- 
ploys natural powers to accomplish divine purposes, For example, plague 
could be explained both as divine retribution for sin and as the result of an. 
unfavorable conjunction of planets or corruption of the air.’ As for the 
practice of medicine and the use of natural remedies, all Christian writers 
would have agreed that cure of the soul is more important than cure of the 
body, and a few spoke out against any use of secular medicine. Bernard of 
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090—1153), writing to a group of monks in the twelfth century, 


Glairvaux (1 
expressed views that had existed for centuries: 


I fully realize that you live in an unhealthy region and that 
many of you are sick. . . . It is not at all in keeping with your 

fession to seek for bodily medicines, and they are not 
really conducive to health. The use of common herbs, such as 
are used by the poor, can sometimes be tolerated, and such is 
our custom. But to buy special kinds of medicines, to seek out 
doctors and swallow their nostrums, this does not become 
religious [i.e., monks]? 


Hut the vast majority of Christian leaders looked favorably on the Greco- 
Roman medical tradition, viewing it as a divine gift, an aspect of divine 
providence, the use of which was legitimate and perhaps even obligatory. 
Basil of Caesarea (ca. 330-79) spoke for many of the church fathers when 
he wrote that “we must take great care to employ this medical art, if it 
should be necessary, not as making it wholly accountable for our state of 
health or illness, but as redounding to the glory of God.” Even a writer as 
hostile to Greco-Roman learning as Tertullian (ca. 155—ca. 230) revealed 
his appreciation of the value of Greco-Roman medicine. The denigrating 
accounts of conventional medicine that appear in saints’ lives served an 
obvious polemical function—namely, to authenticate and magnify the 
power of the saint in question by demonstrating how he or she had heal- 
ing abilities that transcended those of the secular healer. That we cannot 
take such denunciations as representative of the views of the author (let 
alone the remainder of medieval society) toward secular medicine is evi- 
dent from the fact that many of these same authors, in other contexts or 
even in the same context, reveal a large measure of respect for conven- 
tional healing practices. What the church fathers were eager to denounce 
was not the use of secular medicine, but the tendency to overvalue it and 
the failure to recognize and acknowledge its divine origin.” 

While defending the church against the charge of having repudiated the 
medical tradition, we must be careful to avoid the opposite error. There is 
no question that early medieval Christians believed in healing miracles 
and that they availed themselves of both religious healing and secular 
medicine, sometimes simultaneously, sometimes sequentially. In the fourth 
and fifth centuries the cult of saints became a dominant feature of Euro- 
pean culture. Shrines were established around the tomb or some relic 
(perhaps a bone) of a saint; and these became pilgrimage sites of enor- 
mous drawing power. One of the features of these sites that contributed 
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ae peat miraculous healing of a leg. Paris, Bibliothèque Nationale, MS Fr. 2829, fol. 87r 
late 15th c. ). For discussion of this illustration, see Marie.José Imbault-Huart, La médecine 
moyen dge à travers les manuscrits de la Bibliotheque Nationale, p. 182. : E 


most powerfully to their attraction was the report of miraculous cures 
produced there. A single example will serve to illustrate: Bede (d. 735), in 
his Ecclesiastical History of the English People, recounted many stories of 
miraculous healings, including that of a monk on the island of Lindisfarne 


(off the northeastern coast of Engl: i 
gland), suffering from pals: 
brought to the tomb of Cuthbert: i rae 


falling prostrate at the corpse of the man of God, he prayed 
with godly earnestness that through his help the Lord would 
become merciful unto him: and as he was at his prayers, . . . 
he felt (as he himself was afterwards wont to tell) like as a 
great broad hand had touched his head in that place where 
the grief was, and with that same touching passed along all 
that part of his body, which had been sore vexed with sick- 
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ness, down to his feet, and by little and little the pain passed 
away and health followed thereon." 


similar tales from the medieval period could be multiplied without end. 

Jf the church was neither the enemy of the Greco-Roman medical tradi- 
tion nor its single-minded supporter, how are we to characterize its atti- 
tude and influence? A familiar approach would be to weigh the factors on 
each side of the equation—both the opposition and the support offered by 
the church—and to argue that on balance the church was a force for good 
or ill, as the case might be. But such a conclusion would be simplistic. We 
will come closer to the truth if we avoid the categories of opposition and 
support altogether and see the church as a powerful cultural force that i72- 
jeracted with the secular medical tradition, appropriating and transform- 
ing it. Churchmen neither simply repudiated nor simply adopted secular 
medicine, but put it to use; and to use it was to adapt it to new circum- 
stances, thereby subtly (or, in some respects, radically) altering its charac- 
ter, It is not too strong to claim that within Christendom there was a fusion 
ofsecular and religious healing traditions. In its new context, Greco-Roman 
medicine would have to be accommodated to Christian ideas of divine 
omnipotence, providence, and miracles. In the radically new institutional 
setting provided by the monasteries, it was not only nurtured and pre- 
served through a dangerous period in European history, but it was also 
pressed into service on behalf of Christian ideals of charity (one important 
outcome of which was the development and spread of hospitals). And 
eventually, its institutionalization in the universities restored its contact 
with various branches of philosophy and elevated its status as a science. 

‘There is one further development, of critical importance, that requires 
our attention before we leave the early medieval period. The translation of 
Greek medical works into Arabic began in the eighth century and con- 
tinued through the tenth. When it was finished, most of the major Greek 
medical sources were available in Arabic, including Dioscorides’ De mate- 
ria medica, many Hippocratic works, and nearly all the works of Galen. 
The magnitude of the gap between Islamic and Western access to this 
Greek medical literature can be illustrated by reference to the Galenic cor- 
pus: only two or three of Galen’s works were available in Latin before the 
eleventh century, whereas Hunayn ibn Ishaq (808-73) listed 129 Galenic 
works known to him in Baghdad, forty of which he claimed personally to 
have translated into Arabic. 

This Greek medical literature served as a foundation on which a sophis- 
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| ticated Islamic medical tradition would be built. Several features of this 
medical tradition require brief mention. First, the Islamic medical tradition 
was built on a full mastery of Greek medical literature and an assimilation 
of many of the aims and much of the content of Greek medicine. Second, 
central to the medical thought that emerged were Galenic anatomy and 
i physiology and Galenic theories of health, disease (including epidemic 
disease), diagnosis, and therapy. An important aspect of Galenic influence 
was the linkage it revealed between medicine and philosophy—a linkage 
that became characteristic of much Islamic medical thought. 
Third, Galenic medical theory did not rigidly constrain medical thought 
and practice in Islam, but functioned as a framework to be extended, mod- 
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ad. and integrated with other medical and philosophical systems; medi- 
Seine in Islam was a dynamic, rather than a static, enterprise. Fourth, not 
only did Greek medical works circulate in translation, but along with them 
a large native medical literature was produced by Islamic physicians. This 
original Arabic literature contained a great deal of variety, of course, but 
rticularly prominent was a series of comprehensive, encyclopedic works 
that surveyed large segments, or even the whole, of medical theory and 
ratice: Three such encyclopedic works that were to have a profound in- 
fluence on later Western medicine were the Almansor of Rhazes (al-Razi, 
d. ct 930), the Pantegni (or Universal Art) of Haly Abbas (‘Ali ibn ‘Abbas 
al-Majasi, d. 994), and the Canon of Medicine of Avicenna (Ibn Sina, 980— 
1037). These, along with many other translated works, helped to shape and 
redirect Western medicine in the later Middle Ages.” 


THE TRANSFORMATION OF WESTERN MEDICINE 


In the eleventh and twelfth centuries, a number of influences began to 
impinge on the European medical tradition and alter its character. The 
political and economic renewal of the period, accompanied by dramatic 
population increase, led to far-reaching social change, including the ur- 
banization and expansion of educational opportunity. In the new urban 
schools the curriculum was broadened, as emphasis came to be placed 
on subjects that had been of minor significance, or even totally absent, in 
the monastic setting. Meanwhile, reform movements within monasticism 
were attempting to diminish monastic involvement in secular culture 
(see above, chap. 9). The convergence of these movements brought about 
a shift in the location of medical education from the monasteries to the 
urban schools, with a corresponding shift toward professionalization and 
secularization. At the same time there was a growing demand among ur- 
ban elites for the services of skilled medical practitioners, which contrib- 
uted to the emergence of medical practice as a lucrative (and sometimes 
prestigious) career. 

The earliest example of renewed urban medical activity is at Salerno, in 
southern Italy, in the tenth century. By the end of the century, Salerno had 
acquired a reputation for its numerous and skilled medical practitioners, 
including clergy and women. There seems to have been no school in any 
formal sense, but simply a center (increasingly a famous center) of medi- 
cal activity, with ample opportunities for men and women to master the 
healing arts through apprenticeship. What flourished at Salerno in the tenth 
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Fig 134. Constantine the African 
Practicing uroscopy. Oxford, Bod: 
leian Library, MS Rawlinson C328 
fol. 3r (15th ¢.). For commentary. 
see Loren C. MacKinney, Afedical 
illustrations in Medieval Manu- 
Scripts, pp. 12-13. 


century and into the eleventh was not medical learning but skill in the 
healing arts, In the course of the eleventh century, however, some of the 
practitioners at Salerno began to produce medical writings of a practical 
sort. Early in the twelfth century, the literature emanating from Salerno bé- 
gan to broaden and become more theoretical, reflecting the philosophical 
orientation of the Arabic medical texts beginning to circulate in Latin trans- 
lation. Many of the new texts were teaching texts, connected (apparently) 
with the emergence of organized medical instruction at Salerno.” 

The translations from the Arabic that influenced medical activity at Sa- 
lerno in the twelfth century soon transformed medical instruction and 
medical practice throughout Europe. The earliest translations appear to 
have been those of Constantine the African (fl. 1065-85), a Benedictine 
monk at the monastery of Monte Cassino in southern kaly, who had close 
ties with Salerno. Constantine, whose knowledge of Arabic was undoubt- 
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ely connected with his north African origins, translated works of Hippoc- 
i and Galen, the Pantegni of Haly Abbas, medical works by Hunayn ibn 
ibad: and other sources, He was followed by other translators over the 
3 next hundred and fifty years, in southern Italy, Spain, and elsewhere, who 
“yndesby-lietle rendered from Arabic to Latin much of the corpus of Greco- 
“arabic medicine. At Toledo, Gerard of Cremona (ca. 1114-87) translated 
Inine Galenic treatises, Rhazes’ Almansor (from the name of Rhazes’ pa- 
“gion, Mansi ibn Ishaq, to whom it was dedicated), and Avicenna’s great 
canon of Medicine. These new texts vastly broadened and deepened 
‘Western medical knowledge, giving it a much more philosophical orienta- 
tjon than ic had possessed during the carly Middle Ages and ultimately 
shaping the form and content of medical instruction in the newly founded 


universities” 


MEDICAL PRACTITIONERS 


Today we generally think of medicine as a learned profession, which can 
Þe practiced only by those who have undergone a long period of school- 
ing and acquired the appropriate professional credentials. But if we pro- 
ject such a model onto the Middle Ages, we will be sorely misled. A far 
more useful modern analogue would be that of carpentry. Carpentry 
covers a continuum from elementary home-maintenance through the 
professional carpentry of the building trades to civil engineering and ar- 
chitecture. Carpentry of the simplest kind falls into the realm of general 
knowledge (almost everybody knows, or is willing to learn, something 
about elementary home-repair); the weekend amateur, who (for example) 
restores antiques for a hobby, may command considerable knowledge and 
skill; the building trades are staffed by expert professionals who have, for 
the most part, learned their trade through apprenticeship; and finally, the 
civil engineer and the architect bring theoretical knowledge to bear on the 
subject. 

So it was with the practice of medicine in the Middle Ages. Simple do- 
mestic medicine, practiced in the home, was the property of almost every- 
body. If more expertise was required, in every community there were 
people known to have the knack of treating certain kinds of ailments, 
and we begin here to move up the ladder of medical expertise and spe- 
cialization. Most villages would have midwives, bone-setters, and people 
knowledgeable in herbs and herbal remedies. In the cities, one would 
find a variety of “empirics” with such specialties as the treatment of 
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ands, dental problems, and certain kinds of surgery (for example, lan- 
polls, repair of hernia, or removal of kidney stones). At a higher level 
5 eprofessionalization, there were apothecaries, trained surgeons, skilled 
sfessional medical practitioners educated through apprenticeship, and 
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P, TAN ie university-educated physicians. This was by no means a static Or 
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K AB AN ' arictly linear hierarchy, nor was it invariable from place to place; it was 


Mieg complicated by the existence of both secular and religious practi- 
a (clerics, for example, who frequently combined conventional 
cal practice with religious duties) at many of the levels; moreover, the 
lines of demarcation were rarely clear, because the regulation or licensing 
of medical practitioners, which would have demanded relatively clear cat- 

ries, was only slowly instituted in the course of the later medieval pe- 
riod and never became universally effective. But some semblance of this 
classification scheme was generally characteristic of the medieval medical 
scene? 

We have only the sketchiest data on the numbers of medical practi- 
toners in medieval Europe. We can learn something, however, from the 
fragments of data in our possession. In 1338, Florence (which was un- 
doubtedly blessed with far more physicians per capita than the average Eu- 
ropean city) had approximately 60 licensed medical practitioners of all 
kinds (including surgeons, and unlettered “empirics”) for a population of 
120,000, Twenty years later, after the population had been decimated by 
the black death, Florence had 56 licensed medical practitioners for a popu- 
lation of about 42,000; and this ratio of twelve or thirteen physicians for 
every 10,000 residents held for the remainder of the century.” Access in 
rural areas to a trained physician must have been far less common. 

Included among medieval medical practitioners were substantial num- 
bers of women, active in obstetrics and gynecology but also in other 
medical specialties. The most famous of these is Trota or Trotula, from 
twelfth-century Salerno, who may not have written the gynecological work 
usually attributed to her but seems to have produced a more general work 
of practical medical remedies and advice. In certain parts of Europe Jewish 
medical practitioners were also numerous.” 
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MEDICINE IN THE UNIVERSITIES 


The medical practitioners about whom we know the most are those who 
studied or taught in the formally organized medical schools of medieval 
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that still survive, we can learn something about their identities, 
ies, and the kind of medical practice in which they engaged 

Formal medical studies seem to have appeared first in the cathedral 
schools of the tenth and eleventh centuries—not for the purpose of edu. 
cating professional physicians, but as an aspect of general education, Ar 
Chartres, for example, medical studies appeared by about 990, and in the 
next century medical instruction could be found in similar schools else: 
where.” However, it was at Salerno in the twelfth century that the hewiy 
translated medical works of the Greco-Arabic tradition were first assim 
ilated, and it was there that medicine began to emerge as a learned pro- 
fession. The driving force behind these developments was not Mere 
intellectual curiosity or medical altruism (though a measure of both no 
doubt existed), but the desire for status and professional advancement, 
Physicians already at the top of the medical hierarchy outlined above, and 
therefore already literate, perceived the possibility of elevating their status 
by imitating other learned professions, such as law, in demanding that 
Practitioners acquire formal intellectual credentials. The aim was to ele- 
vate the status of medicine from art or craft to science. Developments at 
Salerno were influential, and in the thirteenth century medical faculties 
became prominent at the universities of Montpellier, Paris, and Bologna 
Medical faculties of lesser significance were created at Padua, Ferrara, Ox- 
ford, and elsewhere. 

The institutionalization of medicine in the medieval universities was Of 
enormous importance for the course of medical theory and practice, In 
the first place, it assured the continuation and the continuity of medical 
studies and the existence, from the Middle Ages to the present, of an in- 
fluential community of university-educated physicians. Second, the estab- 
lishment of medical studies in the university (as opposed to some other 
possible institutional home) created a linkage between medicine and 
other branches of knowledge that profoundly shaped the development of 
medicine. Specifically, a degree in the faculty of arts came to be a typical 
Gif not quite universal) prerequisite for medical studies; and this meant 
that medical students came equipped with the logical and philosophical 
tools that would transform medicine (for better or for worse) into a rig- 
orous, scholastic enterprise. It also gave medicine access to Aristotelian 
natural philosophy, which would provide medicine with some of its 
important principles, and to astrological theory (and its companion, as- 
tronomy), which would become a universat part of the physician's diag- 
nostic and therapeutic armory. Let us give the medical curriculum a brief 
examination, 
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Fig 13.7, Medical instruction. From 
acopy of Avicennia’s Canon of Medi- 
ame, Paris, Bibliothèque Nationale, 
‘MS Lat, 14023, fol. 769v (lath c.). 


Teaching, first at Salerno and later in the other medical schools, cu- 
alesced, for a time, around a collection of brief treatises known collectively 
as the Articella. This collection included an introduction to medicine by 
Hunayn ibn Ishaq (known in the West as Johannitius), several short works 
from the Hippocratic corpus, and books on urinalysis and diagnosis by 
pulse, In the fourteenth and fifteenth centuries, these were supplemented 
by the works of Galen, Rhazes, Haly Abbas, Avicenna, and others. This cur- 
riculum had a marked philosophical orientation—medical theory being 
required to conform to broader principles of natural philosophy. And the 
teaching methods employed were the typical scholastic ones of commen- 
tary on authoritative texts and debate over disputed questions. But that did 
not mean (as has sometimes been alleged) that university medicine was a 
purely theoretical, textbook activity. In fact, many university professors of 
médicine engaged in private practice on the side, and medical students 
were frequently required to obtain practical experience.” 

Finally, do we have any idea of the numbers of students involved? In fact, 
there are scraps of data. During a period of fifteen years early in the fif- 
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teenth century, the University of Bologna (one of the fore 
schools in Europe) granted sixty-five degrees in medicine 


most Medica} 
and one in sun 
gery. During a thirty-six year period a little later in the same century, 


University of Turin (also in northern Italy) awarded a total of thirteen 
medical doctorates. And during its first sixty years of existence { beginn 

in 1477) the University of Tübingen awarded medical degrees at the rate oF 
about one every other year. The number of medical students, of course, 
was far higher than the number of degree recipients, since most studēnts 
did not complete the course of studies: the ratio 10:1 has been suggested 
as a possible multiplier. About all we learn from these numbers is thar 
university-trained physicians, and especially physicians with doctorates in 
medicine, were rare creatures, members of an urban elite and accessible, 
for the most part, only to the rich and powerful." 


DISEASE, DIAGNOSIS, PROGNOSIS, AND THERAPY 


The medical theories held and the diagnostic measures and therapies em- 
ployed by a medieval medical practitioner varied with the practitioner's 
level of education, specialty, and professional circumstances. We know 
most. of course, about the views and procedures of learned physicians; but 
there is reason to believe that their beliefs and practices filtered down- 
ward and therefore influenced other kinds of healers. For example, there 
is ample evidence that Latin medical treatises were translated into ver 
nacular languages, or translated and excerpted, for the benefit of medical 
practitioners who were literate but could not read Latin,” At the same time, 
it is clear that folk medicine and folk remedies had a tendency to filter 
upward and influence professional and even (to some extent) learned 
medicine. We will not be far off, therefore, if we judge the following ele- 
ments of medical belief and practice to have been present, to varying de- 
grees, in much medieval healing activity. 

Fundamental to medieval theories of disease was the idea that every pêr- 
son has a characteristic complexion or temperament, determined by the 
balance of the four elements and their corresponding qualities (hot, cold, 
wet, dry) in the person's body. It was understood that complexion was pe- 
culiar to the individual; the balance that was normal for one would be ab- 
normal for another. Closely associated with the theory of complexion was 
the idea, stemming from Galen and the Hippocratics, that the body con- 
tains four principal, physiologically significant fluids or humors—blood, 
phlegm, black bile, and red or yellow bile—and that these humors are the 
vehicle by which the proper balance of qualities is maintained. And it was 
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od that health is associated with proper balance, illness with im- 

; a example, fever was conceived to be the result of abnormal 

ee arating from the heart. Finally, health and disease were thought to 
el 5 


W influenced by a set of conditions called the “non-naturals”; the air 


reathed; food and drink, sleep and wakefulness, activity and rest, reten- 
pr and elimination (of nutrients), and state of mind i 
ines is the result of deviation from a person’s normal complexion, 
fren therapy must be directed toward the restoration of balance. Various 
techniques were available for the achievement of this end. The first was 
“itary; since the humors are the end products of the food consumed, a 
“a diet was absolutely essential to the maintenance of health. Drugs, 
classified according to their predominant qualities, could also be u 
scribed to help restore balance. And if more heroic eee seem 
called for, it was possible to eliminate excess bodily fluids through purg- 
ing, “puking,” and blood-letting. In order to determine which of these 
Be sures to employ, the physician would need to inquire into the patient S 
life-style or regimen (such matters as diet, exercise, sleep, sexual ial 
and bathing) in order to ascertain his or her specific complexion and i E 
regimen required to maintain it. Indeed, for maximum effect the PTE 
should closely monitor the patient's activities over an extended period ol 
time—a realistic aim only for a physician (presumably learned) in the em 
ploy of a wealthy patron. Having observed his patron-patient over a period 
of time, the learned physician would (in theory) be in a position to offer 
the advice needed for the maintenance or recovery of health. The ideal 
that governed learned medicine (and, to some extent, less learned vari- 
eties of medical practice) thus portrayed the physician as medical advisor, 
with a primary responsibility for what we would call preventive medi- 
cine, but capable of following up with suitable remedies when preventive 
measures failed.” 

The most common form of medical intervention was drug therapy, and 
the ability to identify and prepare drugs, along with knowledge of cad 
therapeutic properties, was therefore an essential part of the repertory o! 
most medieval healers. Drugs could be simple or compound; the most 
common ingredients were herbal, but animal and mineral substances 
were also employed. Many drugs were folk remedies, sanctioned by appar- 
ently successful use over many generations; for example, long teas 
had taught local healers that certain plant substances WAE effective as lax- 
atives or pain-killers. There is no question that some medieval drugs were 
effective; the majority, however, were simply harmless, while a few may 
have been dangerous. And some were downright disgusting—for ex- 
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Fig. 13.8. An apothecary shop. Lor: 
don, British Library, MS Sloane 1977, 
fol. 49v (14th c.). By permission of 
the British Library, 


ample, the belief that pig manure was an effective cure for nosebleed, In 

this case, the cure might well seem worse than the ailment. 

| But if there was a substantial empirical (frequently folk) component in 
medieval drug therapy, there was also a strong theoretical component em- 
anating from the Greek and Arabic medical traditions. Dioscorides’ De 
materia medica (in a revised and augmented version) had a very modest 
circulation in the West; in the twelfth century new and more influential 
collections of medical recipes appeared; and finally, fresh translations oF 
works by Galen, Avicenna, and others supplied the theoretical underpin- 
nings needed to organize and systematize pharmaceutical knowledge. The 
basic theoretical assumption was that natural substances have therapeutic 
properties, associated with their primary qualities: hot, cold, wet, dry. To 
this theory, Avicenna added the idea that medicinal substances may also 
have a “specific form,” independent of their primary qualities, which ex- 
plains therapeutic effects not readily accounted for by the four primary 
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jalities. It was thus through its specific form that theriac (a drug known 


“since antiquity, made from viper's flesh and other ingredients) acquired 
De remarkable curative properties assigned to it in the twelfth-century 


“antidotarium Nicolai: 


Theriac . . . is good for the most serious afflictions of the 
entire human body: against epilepsy, catalepsy, apoplexy, 
headache, stomach ache, and migraine; for hoarseness of 
voice and constriction of the chest; against bronchitis, asthma, 
spitting of blood, jaundice, dropsy, pneumonia, colic, intes- 
tinal wounds, nephritis, the stone, and choler; it induces 
menstruation and expels the dead fetus; it cures leprosy, 
smallpox, intermittent chilis, and other chronic ills; it is espe- 
cially good against all poisons, and the bites of snakes and 
reptiles . . . ; it clears up every failing of the senses{?], it 
strengthens the heart, brain, and liver, and makes and keeps 
the entire body incorrupt.* 


Another area of theoretical concern was the problem of determining how 
the properties of compound medicines depended on the qualities of their 
simple ingredients. Elaborate theoretical discussions (including mathe- 
matical analysis) of this problem were undertaken by both Islamic and Eu- 
ropean authors. Indeed, the doctrines of the intensification and remission 
of forms and qualities discussed above (chap. 12) were developed in part 
because of their applicability to pharmaceutical theory.” 

We cannot conclude this discussion of medieval disease and treatment 
without discussing two prominent diagnostic techniques—urinalysis and 
the examination of pulse. Both had been recommended in antiquity, by 
various writers including Galen; the further influence of two short treatises, 
one on pulse and one on urine, contained in the Articella collection, as 
well as longer discussions in Avicenna’s Canon of Medicine, assured their 
centrality in later medieval diagnosis. It was held that urinalysis could re- 
veal the state of the liver, while pulse reflected the state of the heart. The 
critical features of the urine were color, consistency, odor, and clarity. For 
example, an early thirteenth-century medical writer, Giles of Corbeil, 
maintained that “thick urine, whitish, milky, or bluish-white, indicates 
dropsy, colic, the stone, headache, excess of phlegm, rheum in the mem- 
bers, or a flux.” Charts revealing the connection between different colors 
of urine and various ailments were a common feature of medieval medical 
writing (see fig. 13.9). 

In taking a patient's pulse, the physician attempted to determine its 
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ath, duration, regularity, breadth, and so forth. Many varieties of pulse 
i ve differentiated and various classification schemes developed. An anon- 
nous treatise of the thirteenth century offered the following scheme: 


The varieties of pulses are differentiated by the physician in a 
qumber of ways, in particular according to five considera- 
tions: (1) motion of the arteries; (2) condition of the artery; 
(3) duration of diastole and systole; (4) strengthening or 
weakening of pulsation; (5) regularity or irregularity of the 
beat, Ten varieties of pulse derive from these considerations.” 
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Fig. 13.9. A urine color char, which connects variations in the color of urine with various 
stages of digestion. London, Wellcome Institute Library, MS 49, fol. 42r (15th ¢.), For further 
commentary, see Nancy G. Siraisi, Medieval and Barly Renaissance Medicine, p. 126, 
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Fig. 13.11. A physician's girdle book. London, Wellcome Institute Library. A handy guide for the 
physician, meant to be suspended from the belt. The left-hand illustration shows the book in 
its folded form. The right-hand illustration shows one of its leaves, this one containing astro- 
| logical information. For a full discussion, see John E. Murdoch, The Album of Science: Amig- 
nity and the Middle Ages, pp. 318-19. 


i Failing pulse could be used to foretell the time of death and was therefore 
useful for prognosis as well as diagnosis. 

Thus far we have sidestepped one pervasive element in medical theory 
| and practice, which hovered over and shaped what the medieval healer 
believed and the therapeutic measures he or she prescribed. This was 
medical astrology—the belief that planetary influence is implicated both 
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the cause and in the cure of disease. There were good reasons for be- 
feving in such planetary influence. For one, there was medical authority: 
several of the Hippocratic works contained passages that could be inter- 

reted as affirmations of celestial influence, and during the later Middle 
Ages a treatise on astrological medicine circulated under Hippocrates’ 
name. But far more importantly, anybody who had grasped the fundamen- 
tals of natural philosophy knew that the heavens exercised an influence on 
the human body and its environment; and there was no reason at all to 
doubt that this would have an effect on health and the course of disease.” 

Celestial influence began at conception, contributing to the tempera- 
ment or complexion of the newly conceived embryo. After birth, every 
human was the recipient of a continuous flow of celestial forces, either 
directly or through the surrounding air, and these influences affected tem- 
perament. health, and disease. Indeed, astrological influence was frequently 
invoked to explain major epidemics, such as the black death of 1347-51. 
Pressed for an explanation of this particular plague, the medical faculty at 
the University of Paris concluded that it resulted from corruption of the air 
cused by a conjunction of Jupiter, Saturn, and Mars in 1345." 

If illness struck, the physician needed to take account of the planetary 
configuration in order to prescribe effective treatment. The preparation 
and administration of drugs had to be properly timed to coincide with 
favorable planetary configurations, and proper dosage depended on astro- 
logical factors. It was also necessary to determine propitious times for sur- 
gical procedures, such as blood-letting. Surgical treatises often contained 
“blood-letting figures” that instructed the user on the appropriate times 
for bleeding from specific bleeding points. Finally, che Hippocratic theory 
of “critical days,” which held that the course of acute diseases is marked 
by crises or turning points, became linked to astrology; among the factors 
thar were believed to determine the outcome of a crisis was its timing— 
whether or not it occurred on an astrologically favorable day. 


ANATOMY AND SURGERY 


Medieval healers were no doubt inclined toward moderate forms of medi- 
cal intervention, such as control of diet and prescription of drugs. But 
there were ailments and medical emergencies that demanded more intru- 
sive measures, and Europe always had medical practitioners willing to 
invade the body surgically. There were many kinds of surgeons, with dif- 
fering specialties and levels of education, from itinerant empirics specializ- 
ing in a particular surgical procedure to university-educated surgeons in 
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the employ of king or pope. There was always a tendency to view surgery 
aşa craft, beneath the dignity of the university-educated physician; how- 
even in southern Europe surgeons managed to institutionalize their enter- 

ise in the universities (Montpellier and Bologna, for example), thereby 
gequiring intellectual status. A substantial Arabic surgical literature was 
made available in the West through the translations of the twelfth and thir- 
teenth centuries, and this stimulated a European tradition of surgical writ- 
ing Among the most influential of the European treatises were the Surgery 
of Roger Frugard (twelfth century), which frequently circulated in short 
sections, and the Chirurgia magna (or Great Surgery) of Guy de Chauliac 
(ca 1290-ca. 1370), physician and surgeon to three popes. Guy's work not 
only circulated widely in Latin, but was also translated into English, French, 
Provençal, Italian, Dutch, and Hebrew.” 

There is no doubt that most surgery was not particularly heroic—the 
setting Of a broken bone, reduction of a dislocated joint, dressing of an 
ulcer or sore, cleaning and suturing of a wound, or lancing of a boil. 
Blood-letting and cautery (application of hot irons to various parts of the 
body in order to create ulcers through which unwanted fluids could drain) 
were also common procedures.” Removal of external hemorrhoids may 
also have been fairly routine. But some medieval surgeons undertook 
much more ambitious procedures. Operation for removal of cataract, by 
inserting a sharp instrument through the cornea and forcing the lens of the 
eye out of its capsule and down to the bottom of the eye, is one example. 
Removal of bladder stone and surgical correction of hernia are others. 
A text describing the removal of bladder stone will serve to illustrate: 


If there is a stone in the bladder make sure of it as follows: 
have a strong person sit on a bench, his feet on a stool; the 
patient sits on his lap, legs bound to his neck with a bandage, 
or steadied on the shoulders of the assistants. The physician 
stands before the patient and inserts two fingers of his right 
hand into the anus, pressing with his left fist over the patient’s 
pubes. With his fingers engaging the bladder from above, let 
him work over all of it. If he finds a hard, firm pellet it is a 
Stone in the bladder. . . . If you want to extract the stone, pre- 
cede it with light diet and fasting for two days beforehand. On 
the third day, . . . locate the stone, bring it to the neck of the 
bladder; there, at the entrance, with two fingers above the anus 
incise lengthwise with an instrument and extract the stone. 
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As a final example of dangerous surgery, fracture of the skull Sometimes 
required trephining (the making of smail holes in the skull with a saw) in 
order to reduce pressure and drain blood and pus. And all of this Surgety 
was performed with only the most modest use of sedatives or anesthetics; 
if there was anything obviously heroic about medieval surgery, it wag the 
patient.* 

How much human anatomy did the medieval surgeon or Physician 
know, and what place did anatomical instruction and firsthand anatomical 
investigation have in the education of medical practitioners? Despite 
Galen's stress on the importance of anatomical knowledge for the succes 
ful treatment of disease, the connection between anatomical knowledge 
and the clinical side of medical practice remained as tenuous during the 
Middle Ages as it had been in antiquity. Most medieval practitioners no 
doubt found that they could get along quite nicely with a minimum of ana- 
tomical knowledge, for the advice they dispensed and the dietary and 
herbal remedies they prescribed rarely, if ever, depended on detailed 
structural knowledge of the human body. The surgeon's requirements 
were undoubtedly greater but still modest; much of the required knowl- 
edge was common property through such daily experience as animal 
butchery, and the rest could be obtained by experience in the course of 
apprenticeship or surgical practice. 

Nonetheless, the translations of the twelfth century provoked new inter- 
est in anatomical questions. The translation of Galen's anatomical writings 
and Arabic works based on them (works of Avicenna, Haly Abbas, Rhazes, 
and later Averroes) brought to the West a body of anatomical literature that 
demanded attention—not because it promised a large, immediate impact 
on healing practices, but because it belonged to the body of medical the- 
ory that learned physicians were attempting to assimilate in their quest for 
intellectual status. The new interest in anatomical knowledge first found 
expression in the form of actual anatomical dissections in twelfth-century 
Salerno; the object of dissection was the pig, considered anatomically 
analogous to humans. 

Human dissection appears to have begun in certain Italian universities, 
especially Bologna, late in the thirteenth century. The picture is murky, but 
the purpose seems originally to have been legal—autopsies within the law 
faculty for the purpose of determining the cause of death—the practice 
spreading subsequently, by steps we know nothing about, to include dis- 
sections for medical instruction. By 1316, Mondino dei Luzzi (d. ca. 1326), 
who taught at Bologna, had become sufficiently skilled in human dissec- 
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Fig. 13.14. Human anatomy, illustrating the Galenic conception of veins (left) and arteries 
{right). Munich, Bayerische Staatsbibliothek, CLM 13002, fol. 2v (12th c.). For commentary and 
additional anatomical drawings, see Siraisi, Medieval and Early Renaissance Medicine, 
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tion to write a dissection manual entitled Anatomia, which became the 
standard guide to human dissection for the next two centuries.” 

In the course of the fourteenth century, dissection became a regular part 
of medical instruction at Padua, Bologna, and a few other universities. In 
his Chirurgia magna, Guy de Chauliac described the procedures of his 
master at Bologna, Nicolaus Bertrucius: 
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Fig, 13.15. Human dissection, Paris, Bibliotheque Nationale, MS Fr. 218, fol. 56r (late 15th an 


Having laid the dead body on the table, he made four lessons 
On it. In the first the nutritive members [stomach and intes- 
tines] were treated, since they decay the soonest. In the 
second, the spiritual members [heart, lungs, and trachea], in 
the third the animal members (skull, brain, eyes, and eats] 
and in the fourth the extremities were treated, And following 
the commentary on the book of Sects [of Galen], in each there 
are nine things to see: that is, to know the situation, the sub- 
stance, the constitution, the number, the figure, the relations 
of connections, the actions and uses, and the diseases which 
affect them. . . . We make anatomies also on bodies dried in 
the sun, or consumed in the earth, or submerged in running 
or boiling water. This shows us the anatomy at least of the 
bones, cartilage, joints, large nerves, tendons, and ligaments.” 
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Such dissections were generally performed on the corpses of criminals, 
whose execution might be timed to meet the needs of the medical school. 
They were infrequent, an annual dissection being perhaps the most com- 
mon pattern. And it is important to understand that the medical student 
was an observer rather than an experimenter; the function of dissection 
was to illustrate the Galenic text; this was not research, but pedagogy. 

Medieval physicians have been severely criticized by modern historians 
for adopting a methodology that made texts, rather than cadavers, the pri- 
mary anatomical authority. The unfortunate result of this methodology, it 
has frequently been argued, was the continued propagation of a variety of 
errors in Galen's account of human anatomy. What are we to think of such 
criticisms? There is no question that medieval physicians found Galenic 
anatomy an awesome achievement and were therefore inclined to attach 
great (though not absolute) authority to Galenic texts, but it does not fol- 
iow that they were fools. Consider a modern parallel: the modern anatomi- 
ral textbook is also a remarkable achievement, and when a medical student 
taking the obligatory anatomy course finds a discrepancy between text and 
cadaver, he or she interprets this discrepancy as a variation in the cadaver 
rather than a mistake in the textbook. We should not be surprised to see 
medieval physicians and surgeons behaving similarly. They had every rea- 
son to believe that Galen had gotten it right (as, for the most part, he had) 
and to view the study of Galenic texts as the surest and most efficient, not 
to mention cleanest, way of acquiring anatomical knowledge. 

Despite the secondary importance of anatomical dissection within medi- 
cal education, we have seen that a tradition of anatomical dissection did 
develop late in the thirteenth and early in the fourteenth century. It grew 
in strength and sophistication over the next two hundred years, while 
maintaining a continuous dialogue with the textual tradition of anatomical 
knowledge. In the fifteenth century it became allied with the technology of 
printing, which made possible the cheap production of texts and the faith- 
ful reproduction of anatomical drawings. The quality of anatomical draw- 
ings was further enhanced by contributions from the growing company of 
talented artists. And in the sixteenth century, these factors combined with 
renewed access to the Greek text of Galen to produce the stunning ana- 
tomical achievements of Andreas Vesalius (1514-64) and others. 


DEVELOPMENT OF THE HOSPITAL 


1 conclude the discussion of medieval medicine on an institutional note, 
with a brief account of one of the most celebrated medieval medical 
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achievements—the invention of the hospital. One of the difficulties in trac- 
ing the origin of the hospital is deciding what the term means. If, by “has. 
pital,” we mean anything called “hospice” or “hospital,” then we Include 
many institutions that offered food and shelter to paupers and Pilgrims, 
including the sick, but which provided little or no specialized medivat 
care, If, however, we wish to reserve the term for institutions dedicated to 
the treatment of the sick, including the provision of skilled medical care, 
then we are applying a much narrower criterion. The former sort of hospi- 
tal, which was common throughout medieval Europe (often maintained by 
monasteries or communities of lay brethren), will not interest us. It is the 
later kind of institution that will be the object of our attention?” 

Where, then, did the hospital as a medical institution come from? Its ori- 
gins seem to lie in the Byzantine Empire, where, by the sixth century and 
perhaps well before, ideals of Christian charity led to the establishment of 
hospitals that provided specialized medical care. One of the earliest for 
which we have hard evidence was the Sampson hospital (named after a 
saint of the fourth century) in Constantinople; here, early in the seventh 
century, for example, a church official suffering from a groin infection was 
hospitalized for surgery and convalescence. Other Byzantine hospitals 
were organized along the same lines: in the twelfth century, the Pantokrator 
hospital, also in Constantinople, had space for fifty patients (thirty-eight 
male and twelve female); to meet their medical and other needs, the hos- 
pital employed a staff of forty-seven, including physicians and surgeons 

This Byzantine model became known in both Islam and the West, where 
it interacted with, and helped to shape, indigenous traditions of health 
care. In Islam, we find comparable institutions early in the ninth century, 
Perhaps owing to the influence of the Barmak family, which occupied a 
position of power under the Khalif Hartin ar-Rashid (786-809). There 
were no doubt many strands in the transmission of the Byzantine model to 
the West; one of them seems to have come as a byproduct of the conquest 
ofJerusalem in 1099, during the First Crusade. Shortly after the fall of Jeru- 
salem, the lay brothers (subsequently known as “Hospitallers” ) who oper- 
ated the hospital of Saint John in Jerusalem reorganized it on the Byzantine 
model. Because of its prominent location and large size, it became re- 
nowned throughout Europe: visitors a century later reported that it housed 
a thousand patients or more. The Hospitallers eventually established a 
string of hospitals in Italy and southern France. Through the promulgation 
of various statutes regulating these hospitals (requiring, in one version, the 
hiring of four physicians to treat patients), the Jerusalem pattern became 
familiar in the West, where it influenced the conception of charitable care 
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for the ill and the indigent, encouraging the development of the hospital as 
a specialized medical institution.” A T 
This is, to be sure, a very sketchy picture, with many uncertainties Te- 
maining. Whatever the precise details of transmission and assimilation, the 
model of the hospital as a medical institution spread rapidly in the West 7 
the twelfth and thirteenth centuries, so that hospitals could be found in 
cities and towns throughout Europe. They might be large or small, con- 
taining anywhere from hundreds of beds to halfa dozen: Their To 
sorship could be either religious or secular. Their clientele was principa ly 
from the lower classes, though there were exceptions. They were. typically 
staffed by professional physicians, paid an annual salary for their labors. 
Considerable thought was given to the needs of the patients—cleanliness 
and diet, for example. Beds consisted of straw mattresses suspended on 
ropes from bedposts, designed to hold two, or even three, patients. An ac- 
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count of medical facilities in the city of Milan, written about 1288, is 
, 
instructive: 


In the city, including the suburbs . . . there are ten hospitals 
for the sick. . . . The principal one is the Hospital of the 
Brolo, very rich in possessions, and founded by Geoffrey de 
Bussero in 1145. In it. . . there are found, particularly in bad 
times, more than five hundred bed patients and as many 
more not lying down. All these receive food at the expense 
of the hospital itself. Besides them, there are 350 babies or 
more, placed with individual nurses after their birth, under 
the hospital’s care. Every kind of poor person, except lepers, 
for whom another hospital is reserved, is received there, and 
kindly and bountifully restored to health, bed as well as food 
being provided. Also, alt the poor needing surgical care are 
diligently cared for by three surgeons who are assigned to 
this particular task. . .” 


Though surely putting the best face on things, this account reveals the im- 
pressive level of care to which a medieval hospital might aspire. 


NATURAL HISTORY 


Medicine was no doubt the principal repository of biological knowledge 
during the Middle Ages, but it was not the only one. Aristotelian natural 
philosophy included a large component of zoological and botanical infor- 
mation. Encyclopedias almost always contained sections on plants and ani- 
mals. Herbals and bestiaries specialized, of course, in the plant and animal 
kingdoms, respectively. And finally, medieval people had intimate first- 
hand knowledge of the local flora and fauna. We will conclude this chapter 
with a brief examination of medieval botanical and zoological knowledge, 

Medieval botanical knowledge was closely linked with medicine, since 
the principal use of plants (if we ignore those that formed part of the Euro- 
pean diet) was for herbal remedies. If the medicinal use of herbs was to be 
effective, manuals were needed, which would describe the various herbs 
and their therapeutic uses. A significant herbal literature thus developed, 
most of it designed for practical purposes. The model was Dioscorides' De 
materia medica, in its revised Latin translation, which arranged medicinal 
substances in alphabetical order so as to facilitate use. A typical entry in an 
herbal would include the name or names of the plant, an account of its 
identifying features, including habitat, a description of the medicinally sig- 
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Fig. 13.17. A page from the Herbal of Pseudo-Apuleius, describing and illustrating couchgrass, 
sword lily, and rosemary Oxford, Bodleian Library, MS Ashmole 1431, fol. 21r (12th ¢.). De- 
seribed in Joan Evans, ed., The Flowering of the Middle Ages, pp. 190, 352. 


nificant parts and their therapeutic properties, and instructions regarding 
preparation and use. The alphabetical arrangement of the herbal reveals 
that practical aims (the ability to look up a medicinal substance by name) 
prevailed over classification according to biological type or any other theo- 
retical consideration.” 

But alongside these practically oriented herbals, there was also a more 
theoretical or philosophical literature, which placed plant life within the 
context of natural philosophy. Most of this literature descended in one way 
or another from the book On Plants, attributed to Aristotle and believed 


| 
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by medieval scholars to be his, but probably written by Nicholas oft, 
cus (1st century 3.¢.). A few commentaries were written on this weai 
(perhaps a dozen are known), by far the most impressive of which r 
On Vegetables of Albert the Great (ca. 1200—1280). Albert's On Ve, bi 
contains a paraphrase of On Plants, accompanied by Albert's oma e 
to bring intellectual order to the natural philosophy of plants, and final 
traditional alphabetical list of herbs and their uses. A reading of ha Wi : 
reveals the extraordinary skill, unmatched by any contempora ik 
which Albert observed and described botanical phenomena.” 7 
; One might expect close parallels between botanical and zoological 
literature. However, zoological knowledge had few applications in th 
medical realm and little practical value elsewhere; and consequently, Bi 
was no zoological counterpart of that repository of practical borni 
knowledge—the herbal. As in the case of botany, there was an underlyin 
Aristotelian textual tradition, for Aristotle had written a series of large a 
important zoological works. These were rendered into Latin (along with 
an influential commentary by Avicenna) and attracted considerable atten- 
tion—not so much for the detailed zoological information they contained 
as for their bearing on more general issues in natural philosophy. Once 
again Albert the Great was one of the major figures, producing, in his On 
Animals and other works, a large body of descriptive and theoretical zool- 
ogy. Of particular interest are his discussions of nutrition and embryology. 
His treatment of conception and embryological development, for pel 
ample, was dependent not only on Aristotle’s theories of conception, but 
to a very substantial degree on his own observations of the reproductive 
behavior of animals. The history of medieval zoology has yet to be written, 
but in Albert the Great we undoubtedly see the philosophical side near its 
zenith.” 

Besides zoological works in the Aristotelian tradition, there were vari- 
ous other genres of literature on animals—two of which have attracted 
considerable attention. One of these consists of practical treatises on fal- 
conry. The most famous of the genre was written in Sicily by the Emperor 
Frederick I (about the middle of the thirteenth century) and entitled On 
the Art of Hunting with Birds, The most famous observation in this most 
famous treatise on birds is Frederick’s experimental determination that 
vultures locate their food by sight rather than by smell—ascertained by 
observing their inability to find food when their eyes were covered.“ 

If Frederick's treatise on falconry seems remarkably practical and mod- 
ern, devoid of the fanciful or metaphysical content that we have come to 
associate with the Middle Ages, our final example of medieval literature on 
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animals goes to the other extreme. The medieval bestiary is often pre- 
sented as an example of medieval inability to observe the world objec- 
tively and get zoological knowledge straight. Medieval bestiaries are all 
descended from an anonymous treatise entitled Physiologus, emanating 
from Alexandria and written in Greek (perhaps about the year 200 a.p.), 
subsequently translated into Latin and all of the major European ver- 
nacular languages. The Physiologus and the medieval books inspired by it 
are collections of animal lore arranged in short entries or chapters under 
ihe names of the respective animnals—numbering from about forty in the 
physiologus to more than a hundred in some of the later bestiaries.* 

The typical entry in a bestiary begins with an etymological explanation 
of the animal's name. For example, the article on the horse in a twelfth- 
century bestiary maintains that it takes its name, equus, from the fact that 
when horses “are teamed in fours, they are ‘levelled’ (equabantur) and 
those which are pairs in shape and equals in pace are matched together.” 
Ifthe animal has distinctive physical characteristics, these will be reported 
next, followed by an account of unusual or interesting behavior and a de- 
scription of admirable and regrettable character traits. From this same 
twelfth-century bestiary, we learn that the hedgehog is covered with spikes 
and curls itself into a ball for protection; that the fox is a “fraudulent and 
ingenious animal’ that plays dead in order to catch its prey; that cranes 
move about in military formation; that the serpent called “basilisk” can kill 
with the power of its glance; that the lynx’s urine turns into a precious 
stone; that lions are compassionate and courageous, and that their eye- 
brows and manes offer a clue to their disposition. Finally, many (but not 
all) articles go on to draw a moral or make a theological point on the basis 
of the animal description. The hedgehog is an example of prudence, the 
crane of courtesy and responsibility. The fox is employed as a type of the 
devil, who entices carnal man through fraudulent behavior. And the male 
lion, breathing life into its stillborn offspring after three days, represents 
God the Father raising Christ from the dead. 

How are we to judge such an odd mixture of fact, fancy, and parable? 
The bestiary certainly does not read like a modern zoology manual, and on 
this basis historians of science have sometimes portrayed the people who 
compiled the bestiaries as incompetent or unsuccessful zoologists. The as- 
sumption is that they were trying (or should have been trying) to write 
modern zoology manuals but could not figure out how to do it; and their 
most serious deficiency was their apparent inability to distinguish between 
fact and fancy. But it is, of course, ridiculous to insist that medieval people 
share our interests and priorities. That medieval scholars were capable of 
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Fig. 13.18. A page from a medieval bestiary, showing boar, ox, and bull. London, British Li- 
brary, MS Harley 3244, fol. 47r (early 13th ¢.). By permission of the British Library. 


writing something rather like a zoology manual is clear enough from the 
analogous case of the herbal or from the books on falconry that we have 
touched upon above. And their failure to make the bestiary into a zoo- 
logical manual must, therefore, derive from the adoption of different aims. 

What purpose, then, was the bestiary meant to serve? It was a collection 
of animal lore and mythology, rich in symbolism and associations, meant 
to instruct and entertain, And it surely did not occur, either to the compiler 
or to the reader, to inquire whether the stories were true in the sense that 
the claims of Aristotelian natural philosophy were expected to be true. A 
bestiary succeeded insofar as it effectively brought its reader into a world 
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of traditional mythology, metaphor, and similitude.” We have similar 
mythologies of our own. Consider the lore surrounding the groundhog as 
forecaster of the duration of winter, solemnly reported each February (at 
Jeast ia my part of the country) in newspapers and on radio and television. 
Does anybody believe in the truth of this forecast? Probably not; but to ask 
the question is to display a woeful misapprehension of the purpose of 
groundhog lore, which is not the “scientific” communication of meteoro- 
logical truth, but participation in traditional community ritual, with all of 
the social and psychological benefits thus entailed. 

Most of us become quite skillful at discriminating among different kinds 
of literary and artistic products in our own culture. We immediately know 
the difference between a scientific proposition, which must meet a variety 
of stiff epistemological tests in order to count as truly “scientific,” and a 
Dr, Seuss story or a weather forecast offered to us by “Jimmy” the ground- 
hog, which have quite different functions and must therefore be measured 
by different criteria. We need to become equally discerning in our study of 
medieval people and their achievements, including the various genres of 
art and literature they produced. Just as we have seen (chap. 11, above) that 
the medieval mappamundi generally had purposes quite different from 
those of a modern world atlas, so we must cease to presume that all medi- 
eval books that touch on natural phenomena were meant for philosophical 
or scientific purposes analogous to ours when we write a scientific text- 
book, and to understand that they may have been meant to please and in- 
form their readers on a variety of other levels. As we acquire this kind of 
sophisticated discernment of the products of medieval culture, learning to 
judge the achievement in the light of the aim, we will be on our way to a 
fuller appreciation of the character, the achievements, and, yes, the charm 
of the Middle Ages. 


FOURTEEN 


The Legacy of Ancient and 
Medieval Science 


THE CONTINUITY DEBATE 


‘The historian’s task is not to grade the past but to understand it. And my 
purpose in writing this book has been to describe the ancient and medi- 
eval scientific tradition, rather than to assess its merit or worth. But there 
seems little likelihood that the question of worth can be permanently 
avoided; it has figured prominently in previous accounts of early science, 
and it undoubtedly lurks in the minds of many readers of this one. In con- 
clusion, therefore, let us steal cautiously into this dangerous, and hitherto 
forbidden, territory. 

The question of worth has assumed many different forms. Critics and 
detractors have frequently inquired whether the intellectual activities and 
achievements about which historians of ancient and medieval science 
write, and to which this book has been devoted, were really science. That 
is, did they resemble or anticipate modern science? A subtler and more 
useful statement of the question might be: what difference did the ancient 
and medieval scientific tradition make in the long run? Did it have a per- 
manent or continuing influence on the course or the shape of Western sci- 
ence, or was it an inconsequential cul-de-sac that ultimately led nowhere? 
Or to pose the question in its most common form, were medieval and 
early modern science continuous with each other, or discontinuous? The 
latter is the celebrated “continuity question,” which has been the basis of a 
persistent, running feud between medievalists and “early modernists.” Let 
us undertake a brief examination of the continuity debate—beginning 
with an account of its origins, in order to situate ourselves historically." 

The opinion that emerged from seventeenth-century appraisals of the 
past philosophical tradition typically acknowledged a measure of Greek 
achievement but judged the Middle Ages to have been a period of philo- 
sophical stagnation, if not desolation. Francis Bacon (1561-1626) set the 
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tone when he wrote in his New Organon (1620) that the ages betwee, 
antiquity and his own era were “unprosperous” for the sciences: “For “a 
ther the Arabians nor the Schoolmen need be mentioned, who in ia 
intermediate times rather crushed the sciences with a multitude of trent TN 
than increased their weight.” Voltaire (1694—1778) continued the pe, 
writing of the “general decay and degeneracy” that characterized he 
Middle Ages, and of the “cunning and simplicity. . . . brutality and artifice” 
of the medieval mind. Voltaire’s younger contemporary Condorcet (1743 - 
94) placed the blame for all of this squarely on the shoulders of the medi- 
eval church, arguing that “the triumph of Christianity was the signal for the 
complete decadence of philosophy and the sciences.”? 

The view of Bacon, Voltaire, and Condorcet was sharpened and widely 
disseminated in the second half of the nineteenth century by the distin- 
guished Swiss historian Jacob Burckhardt (1818—97), to whom the concept 
of the “Renaissance” in its modern form is usually credited. Burckhardt 
conceived the Renaissance (roughly, in his view, the period from 1300 to 
1500) as a rebirth of classical (that is, Greek) culture after the long dark 
period of the Middle Ages. He argued in his The Civilization of the Renais. 
sance in Italy (1860) that “the Middle Ages .. . spared themselves the 
trouble of induction and free inquiry.” Over against this failure of the hu- 
man spirit, he maintained that during the Italian Renaissance, in each 
scientific discipline, “investigators of the period, chiefly through their re- 
discovery of the results attained by antiquity, mark a new epoch, with 
which the modern period of the science in question begins.”? Burck- 
hardt’s enthusiasm for the Renaissance period proved contagious, as the 
overblown prose of one of his early (and extremely influential) followers, 
John A. Symonds, reveals: 


Beauty is a snare, pleasure a sin, the world a fleeting show, 
man fallen and lost, death the only certainty, judgment in- 
evitable, hell everlasting, heaven hard to win; ignorance is 
acceptable to God as a proof of faith and submission; absti- 
nence and mortification are the only safe rules of life: these 
were the fixed ideas of the ascetic medieval Church. The Re- 
naissance shattered and destroyed them, rending the thick 
veil which they had drawn between the mind of man and 

the outer world and flashing the light of reality upon the 
darkened places of his own nature. For the mystic teaching of 
the Church was substituted culture in the classical humanities; 
a new ideal was established, whereby man strove to make 
himself the monarch of the globe. . . . The Renaissance was 
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the liberation of the reason from a dungeon, the double dis- 
covery of the outer and the inner world, An external event 
determined the direction which this outburst of the spirit of 
freedom should take. This was the contact of the modern with 
the ancient mind. . . . The modern genius felt confidence 

in its own energies when it learned what the ancients had 
achieved.‘ 


By this account, progress within the Western scientific tradition bypassed 
ihe Middle Ages, following a route from classical antiquity to the Italian 
Renaissance to the European science of the sixteenth and seventeenth cen- 
turies. In short, the “new science” of the early modern era owed a great 
deal to antiquity, but little or nothing to the Middle Ages. 

Quite a different vision of the course of science was articulated in the 
early years of the twentieth century by the French physicist and philoso- 
pher Pierre Duhem (1861-1916). While exploring the origins of the sci- 
ence of statics, Duhem encountered the works of a series of medieval 
mathematicians and natural philosophers who, in his judgment, had laid 
the foundations for modern science, anticipating some of the most funda- 
mental achievements of Galileo and his contemporaries. Duhem ulti- 
mately concluded that “the mechanics and physics of which modern times 
are justifiably proud proceed, by an uninterrupted series of scarcely per- 
ceptible improvements, from doctrines professed in the heart of the medi- 
eval schools.” * If Duhem was right, the origins of modern science are to be 
found not in the repudiation of medieval scholasticism and the return to 
ancient ideas and sources by the “humanists” of the Renaissance, but in the 
teachings of medieval natural philosophers and the interaction between 
Christian theology and scholastic natural philosophy within the medieval 
universities. 

Duhem’s claims set off the continuity debate, which has erupted with 
a certain regularity throughout the twentieth century. Early support for 
Duhem’s campaign to rehabilitate the scientific tradition came from the 
influential medievalists Charles Homer Haskins (1870-1937) and Lynn 
Thorndike (1882-1965), writing in the twenties and thirties. The decades 
after World War I] saw a dramatic expansion of historical research on me- 
dieval science; increased activity led to improved status and fresh claims 
about the magnitude of the medieval scientific achievement. One of the 
leading figures in the postwar movement was Marshall Clagett (1916-), 
who made his mark primarily through the editing and translation of medi- 
eval scientific and mathematical texts. Another was Anneliese Maier (1905— 
71), who produced a series of brilliant studies in which she demonstrated 


358 Chapter Fourteen 


by example how to read the sources more carefully and with much Closer 
attention to their philosophical context. While challenging many of Du- 
hem’s more extreme claims and offering an analysis of medieval Natural 
philosophy far subtler and more cautious than his, Maier reaffirmed the 
importance of the medieval contribution, both conceptual and method. 
ological, to the forging of modern science.” 

The continuity debate was a relatively quiet affair in the first half of the 
twentieth century. It heated up, however, after Alistair Crombie (1915 -) 
issued a pair of manifestos concerning the relationship between medieval 
and early modern science, in the form of two books. In the first book, a 
survey of medieval and early modern science published in 1952, Crombie 
argued that “it was the growth of . . . 13th- and 14th-century experimental 
and mathematical methods that brought about the movement which by the 
17th century had become so striking as to be called the Scientific Revolu. 
tion.”* Crombie elaborated on this theme in the second book, published a 
year later, maintaining (a) that the critical feature of early modern science 
was its possession of the proper methodology for the practice of science, 
the methodology of experimentation, and (b) that this methodology was a 
creation of the later Middle Ages: 


The thesis of this book is that a systematic theory of experi- 
mental science was understood and practised by enough 
philosophers [of the thirteenth and fourteenth centuries] 

for their work to produce the methodological revolution to 
which modern science owes its origin. . . . What seems to be 
the first appearance of a clear understanding of the principles 
of modern experimental science is found in the writings of 
the [thirteenth-century] English logician, natural philosopher, 
and scholar, Robert Grosseteste? 


Crombie's argument provoked a sharp response from early modern 
specialists, the most formidable of whom was the distinguished Conti- 
nental scholar Alexandre Koyré (1892-1964). Koyré denied the impor- 
tance of methodology in the abstract for the origins of modern science, 
suggesting that “foo much methodology is dangerous,’ especially in the 
early stages of a scientific tradition. Nor was Koyré convinced that the 
methodological prescriptions of the medieval methodological tradition 
were the “right” ones—that is, the ones actually employed by Galileo and 
the others to whom we generally credit the founding of a new science in 
the sixteenth and seventeenth centuries.” In Koyré’s opinion, the “Scien- 
tific Revolution” of the sixteenth and seventeenth centuries was not an out- 
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awit or extension of medieval science, but an intellectual “mutation” 
that entailed the “dissolution” of the medieval world view: 


What the founders of modern science . . . had to do, was not 
to criticize and combat certain faulty theories, and to correct 
or to replace them by better ones. They had to do something 
quite different. They had to destroy one world and to replace 
it by another. They had to reshape the framework of our intel- 
lect itself, to restate and to reform its concepts, to evolve a 
new approach to Being, a new concept of knowledge, a new 
concept of science.” 


Koyré's scholarship powerfully influenced his generation of historians of 
science. A. R. Hall (1920—), an outspoken representative of the Koyré 
school of thought, wrote of the “totality of intellectual change during the 
late Renaissance” and portrayed the Scientific Revolution as “the phenom- 
enon of the displacement . . . of one idea of nature by an alternative; one 
‘world-view’ by another.”” 

In recent decades the terms of the debate have been refined. Ernan 
McMollin has replied to Crombie’s more extreme methodological claims. 
While acknowledging a substantial measure of conceptual and linguistic 
continuity between medieval and early modern science, McMullin cannot 
detect methodological continuity. Indeed, he finds methodology to be pre- 
cisely the area in which modern science broke most decisively with medi- 
eval thought.” Thomas Kuhn has developed an influential theory of 
scientific revolutions in general, portraying them as brief periods of radi- 
cal change (‘“paradigm-shifts,” he calls them) intervening between rela- 
tively static periods of puzzle-solving activity (which he labels “normal 
science”). As for the Scientific Revolution of the sixteenth and seventeenth 
centuries, Kuhn sees it as a collection of smaller, and (to a considerable 
degree) independent, revolutions within specific disciplines. He distin- 
guishes between the “classical” mathematical sciences, such as optics and 
astronomy, and the new “Baconian” experimental sciences, such as elec- 
ticity and chemistry. He denies that revolutionary change was possible in 
the newly emerging “Baconian” sciences, because of the absence within 
the medieval tradition of well-developed theoretical antecedents suscep- 
tible to radical transformation. He therefore locates revolutionary change 
almost exclusively in the “classical” sciences of astronomy, mechanics, and 
optics." 

The continuity debate has also been complicated by developments in 
Renaissance scholarship. There has been a tendency in the past three or 
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four decades to endow Renaissance science with a character uniquely its 
own—that is, to redefine the Renaissance scientific achievement in wa 
that distinguish it from both the natural philosophy of the Middle Ages a 
that of the modern period. In the forefront of this movement has bees 
Frances Yates (1899~1981), who identified the Renaissance contribution to 
the “genuine science” of the seventeenth century with its fascination for 
magic and the occult. Yates, in turn, has become the target of revisionist 
efforts, and at this point the question of the Renaissance and its scientific 
achievement remains something of a muddle.” 

This is perhaps sufficient historical background to reveal the natute of 
the continuity debate and to pose the problem to which the remainder 
of this chapter will be devoted, But first a warning, If the debate were 
amenable to easy resolution, it would have ended long ago. It is unlikely, 
therefore, that we can definitively settle the issue here. Indeed, a definitive 
resolution may be forever out of reach on questions of this type, where the 
historian undertakes not simply to describe historical change, nor even to 
identify the causes of historical change, but to weigh the relative impor- 
tance of episodes of historical change. Such judgments are at several re- 
moves from the historical data and emerge only as those data are viewed 
from the vantage point of larger interpretive schemes, which are not them- 
selves amenable to easy, direct, or independent confirmation. Inevitably, 
personal preference will figure heavily in the calculation. In the pages that 
follow, therefore, I do not expect to offer the final word on the continuity 
question. I propose, rather, to bring this book to a close by offering a few 
reflections (of necessity, somewhat personal) on the nature and signifi- 
cance of the medieval scientific achievement. 


THE MEDIEVAL SCIENTIFIC ACHIEVEMENT 


I would like to begin by revealing the colors under which | sail on the 
continuity question. It seems to me unquestionable that the more extreme 
claims made on behalf of medieval science and its anticipation of early 
modern developments are not merely exaggerated, but false. I do believe 
(as I will make clear below) that medieval natural philosophers made 
many important and enduring contributions to the Western scientific tradi- 
tion—contributions that helped to shape this tradition and serve, in part, 
to explain it. But medieval natural philosophers did not anticipate the 
basic elements of early modern science; and the latter was far more than 
an extension, adaptation, and fuller articulation of the medieval worldview. 
In short, I accept the historical construct of the “Scientific Revolution."” 
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Much of the energy exended on the continuity debate has been focused 
on the question of scientific methodology. A version of the discontinuist 
yiew that flourished literally for centuries maintained that precisely what 
differentiated seventeenth-century science from that of the Middle Ages 
was the discovery and practice of anew experimental methodology. And at 
the heart of Crombie’s defense of the continuity thesis lay the claim that 
this experimental methodology was a creation of the Middle Ages. Both 
opinions now seem considerably overdrawn. Recent studies of medieval 
and seventeenth-century scientific methodology have revealed the com- 
plexity of methodological theory and practice in the two periods and the 
total inadequacy of the simple generalizations on which past debates have 
depended. These studies make clear that medieval natural philosophers 
gave serious, critical attention to the details of the Aristotelian meth- 
odology, and that out of these efforts came interesting refinements and 
even departures from Aristotelian methodology. But it is also evident that 
the Aristotelian fundamentals were never relinquished: medieval philoso- 
phers continued to believe that the proper method of knowing involved 
syllogistic demonstration—deduction from universal first principles or 
premises taken to have self-evidential status.” 

Natural philosophers of the seventeenth century departed from Aristotle 
far more radically, coming gradually as the century progressed to an ap- 
preciation of the hypothetical status of scientific claims, the potency of ex- 
periment as a technique of confirmation and disconfirmation, and the 
broad utility of mathematics as an instrument of measurement and analy- 
sis. I think that we must judge the gap between the methodologies of the 
two periods to be smaller than portrayed in the strong discontinuist view, 
but substantially larger than portrayed by Crombie and the continuists. If, 
methodologically speaking, the seventeenth century did not see a new 
world, it certainly saw a new day.” 

An even stronger case for discontinuity can be made, 1 believe, if (fol- 
lowing Alexandre Koyré’s lead) we shift our focus from methodology to 
worldview or metaphysics. The specific metaphysical developments that I 
have in mind are the rejection, by the “new scientists” of the seventeenth 
century (Galileo, Descartes, Gassendi, Boyle, Newton, and others), of Aris- 
totle’s metaphysics of nature, form and matter, substance, actuality and po- 
tentiality, the four qualities, and the four causes; and the resuscitation and 
reformulation of the corpuscular philosophy of the ancient atomists. This 
produced a radical conceptual shift, which destroyed the foundations of 
natural philosophy as practiced for nearly two thousand years.” 

Consider some of the consequences. In exchange for the purposeful, 
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organized, and (in many ways) organic world of Aristotelian tu 
losophy, the new metaphysics offered a mechanical world of in a 
ter, incessant local motion, and random collision. It strip at Ber 
sensible qualities so central to Aristotelian natural philesar a ie 
them second-class citizenship, as secondary qualities, or a oa 
them to the status of sensory illusions. For the explanatory aea 
form and matter, it offered the size, shape, and motion of invisibla a 
puscles—elevating local motion to a position of preeminence a oa 
categories of change and reducing all causality to efficient and wie si 
causality. nd for Aristotelian teleology, which discovered purpose aaa 
nature, it substi i ae 
pa Steg the purposes of a creator God, imposed on nature 
Moreover, the new metaphysics had far-reaching implications for 
aspects of natural philosophy, including methodology; and it can ne ari 
sibly (perhaps even persuasively) argued that many of the PROT i 
innovations of the seventeenth century were rooted in the new meta s z 
ics, It seems clear, for instance, that the abandonment of the aly A 
tures of Aristotelian natural philosophy (which are to be discovered ee 
by an examination of things in their natural, unfettered State) encour a 
a more manipulative or experimental approach to natural raa 3 
Moreover, there can be no doubt that stress on invisible corpuscular 
mechanisms compelled serious thought about hypotheses and their epis. 
temological status. And finally, the shift of emphasis from AA 
qualities to the geometrical properties of corpuscles (shape, size, and mo- 
tion) surely encouraged the application of mathematics to ares 
Before leaving the case for discontinuity, 1 must call attention to various 
other circumstances that differentiate early modern science from its medi- 
eval predecessor. Although the institutionalization of natural Philosophy in 
the medieval universities was a development of extraordinary importance, 
the size, scope, and organization of science continued to increase in the 
sixteenth and seventeenth centuries.” There can be no doubt moreover, 
that in the early modern period science found itself in new social reuni 
stances, which influenced its practice and altered its shape.” The sixteenth 
and seventeenth centuries also saw crucial innovations in instrumentation 
Í (invention of the telescope and the microscope, for example, which made 
it possible to explore the remote and the minute). And finally there were 
decisive theoretical developments within specific disciplines during the 
sixteenth and seventeenth centuries: the emergence of heliocentric cos- 
mology in the sixteenth century and its triumph in the seventeenth; and 
a new theory of motion and inertia, with its far-reaching implications for 
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oth yerrestrial and celestial dynamics. I will return below to the question 
of change within specific disciplines. 

itis granted that early modern science was discontinuous with medi- 
eval science in the ways described—that radical conceptual changes inter- 
pened to produce a Scientific Revolution of the sixteenth and seventeenth 

ruries—what does the medieval contribution then look like? If medi- 
evil natural philosophers failed to anticipate the science of the sixteenth 
and seventeenth centuries, do they as a consequence fall into disgrace or 
(ade into insignificance? Did they contribute anything to the scientific 
movement that made a difference in the long run? 

Before attempting to answer these questions, I would like to assure my- 
<elf that one extremely elementary, but absolutely essential, point is under- 
stood. The ancient and medieval scholars whose intellectual efforts have 
heen described in this book did not set out to solve sixteenth- and seven- 
reenth-centry scientific problems. They were preoccupied with a prob- 
jem of their own—namely, the need to comprehend the world in which 
they lived, within the bounds of an inherited conceptual framework that 
defined the important questions and suggested useful ways of answering 
them. For the later Middle Ages, this conceptual framework was a rich com- 
posite of Aristotelian, Platonic, and Christian thought, adopted by medieval 
scholars because of its explanatory power. And as long as it successfully 
answered the questions they were asking, or promised future success, they 
had. absolutely no reason to abandon it. Their aim was not to anticipate 
future worldviews, but to explore, articulate, employ, and criticize their 
own; and their competence as natural philosophers must be judged ac- 
cordingly. In short, we must forgive medieval scholars for being medieval 
and cease to castigate them for not being modern. If we are lucky, future 
generations will do us a similar favor.” 

If we can agree that medieval natural philosophers are not to be judged 
competent or incompetent by the degree to which they anticipated future 
developments, the question remains: did the Middle Ages make significant 
contributions to the science of the seventeenth century? The answer is un- 
questionably affirmative. In critical ways, medieval natural philosophers 
prepared the ground and paved the way for seventeenth-century achieve- 
ment; and when 4 new structure for science was built in the seventeenth 
century, it contained a great many medieval materials, Let us briefly enu- 
merate some of the more important medieval contributions. 

First, scholars of the later Middle Ages created a broad intellectual tradi- 
tion, in the absence of which subsequent progress in natural philosophy 
would have been inconceivable. During the early Middle Ages, as we have 
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seen, Europe had a very limited intellectual life and possessed only a thin 
and fragmentary version of ancient philosophy. From these primitive be 
ginnings, medieval Europeans managed, by the end of the fourteenth on 
tury, to create an advanced philosophical culture. They began by master i 
the Latin sources already at their disposal. Having accomplished this, they 
undertook a massive translation effort, by which they gained possession 
of the fruits of Greek and Islamic philosophy—most notably, for our pür- 
poses, the works of Aristotle and his Islamic commentators, the medical 
philosophy of Hippocrates and Galen (as elaborated by Islamic physi: 
cians), and the works of a host of Greek and Islamic writers on mathemar. 
ics and mathematical science. 
Second, having gained possession of Greek and Islamic Philosophy, tne. 
dieval European philosophers plunged with relish into the task of grap- 
pling with its contents. The translated materials formed a heterogeneous 
collection of sources, which spoke with many different voices; and great 
ingenuity was required to sort through the differences, negotiate compro- 
mises, and arbitrate disputes. The dominant element was no doubt Aristo- 
telian philosophy, but we must never simplify matters to the point of 
supposing that the latter was a seamless unity, comprehensive in its cover- 
age, or without serious rival. Moreover, Aristotelian Philosophy was a 
living tradition, in a state of continuous flux, as scholars endeavored to 
grasp its implications, correct its errors, resolve its inconsistencies, and ap: 
ply it to new problems. And, of course, the new materials had to make 
their peace with Christian doctrine and vice versa. The medieval achieve- 
ment, then, was no less than the formulation of a synthesis of classical and 
Christian thought, which would provide a framework for creative thought, 
including creative thought about nature, for several centuries.” 

Third, this synthesis gained an institutional home in the medieval 
schools and universities. Natural philosophy had a precarious existence in 
the ancient world and in medieval Islam precisely because of its failure to 
secure more than sporadic institutional support. In the universities of me- 
dieval Europe, by contrast, the classical tradition in natural philosophy be- 
came one of the central elements of the curriculum, encountered (if not 
mastered) by everybody who embarked on higher studies. To be educated 
meant, by definition, to be educated in the philosophical tradition ema- 
nating from antiquity, including its natural philosophy. There may be a 
temptation to judge the mastery and institutionalization of an ancient phil- 
osophical tradition as too derivative an achievement to be of any interest, 
but in truth this was a critically important step. If, as we know by hindsight, 
ancient thought supplied the foundation on which the Western scientific 
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tion would build, it follows that the reception, assimilation, and in- 


‘grutionalization of ancient thought was a prerequisite to the further con- 


struction of that particular edifice. 
Fourth, medieval natural philosophers were not content to merge Aris- 
fotelian philosophy with other intellectual traditions and oversee its ab- 


sorption into medieval thought; they also submitted it to minute scrutiny 


and searching appraisal. The critical process began almost as soon as Aris- 
totelian philosophy became available, and it continued through the late 
Middle Ages and into the early modern period. Some of the scrutiny was 
compelled or inspired by the encounter with theological doctrine. For ex- 
ample, the condemnation of 1277 provoked a reexamination of ideas of 
place and space, and this reexamination led a number of philosophers to 
accept the radically anti-Aristotelian notion that the universe is (or could 
be) surrounded by an infinite void space. And, of course, Aristotle's doc- 
irine of the soul and the eternity of the world, as well as the deterministic 
tendencies in Aristotelian philosophy, were “corrected” with theological 
encouragement.” 

But much of the appraisal had no theological roots, arising rather from 
tensions internal to Aristotelian philosophy, from its failure to account for 
the world as perceived by medieval natural philosophers, or from the 
need to give due consideration to non-Aristotelian alternatives. For ex- 
ample, Aristotle’s theory of matter, form, and substance was sufficiently im- 
precise, incomplete, and even self-contradictory to provoke debate and 
criticism.” In the fourteenth century, the anti-Aristotelian idea that the 
earth might rotate on its axis, long acknowledged as an imaginary state of 
affairs with interesting implications, was submitted to meticulous and inge- 
nious analysis by John Buridan and Nicole Oresme;” the latter took the 
analysis as far as it was to go before Galileo. And, for a final example, the 
later Middle Ages saw a complete overhaul of Aristotle’s theory of motion, 
including new ideas about the nature of motion and the application of 
quantitative techniques to both kinematic and dynamic problems.” 

‘Whatever the driving forces behind it, the medieval appraisal of Aristotle 
had vitally important implications for the course of natural philosophy. 
After all, one could not appraise Aristotelian philosophy without working 
out its implications and endeavoring to fill its gaps; and these were the 
necessary preliminaries to serious criticism. Insofar as criticism emerged 
during the Middle Ages, it tended to be piecemeal rather than wholesale, 
and it rarely led to the repudiation of a basic Aristotelian principle; indeed, 
a good bit of the criticism amounted to nibbling around the corners of 
Aristotelian philosophy, rather than a “feeding frenzy” of the kind that oc- 
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curred in the sixteenth and seventeenth centuries. But its imporant contri- 
bution was to create a critical climate in which Aristotelian doctrine was 
regularly and carefully scrutinized, and in which its fate depended on ig 
explanatory power rather than any authoritative status it might possess 
This prepared the ground for a much broader and more destructive ci: 
tique of Aristotle in the early modern period." 

Fifth and last, I would like to return to the question, touched On above 
of developments at the disciplinary level. Many of the influential discon. 
tinuists have taken a holistic approach to the scientific revolution, focusing 
attention on broad metaphysical and methodological innovations, on the 
grounds that developments at this level will inevitably exercise a Pervasive 
influence on the whole of the scientific enterprise. They are inclined, that 
is, to see the scientific revolution as an example of global change, which 
derived its energy from a new conception of nature or a new conception 
of the proper method of exploring nature's secrets (or both) and culm). 
nated as the implications of these innovations were felt in the various sci- 
entific disciplines. This is what Koyré had in mind when he claimed that 
man “lost his place in the world, or, more correctly perhaps, lost the very 
world in which he was living and about which he was thinking, and had to 
transform and replace not only his fundamental concepts and attributes, 
but even the very framework of his thought,” On this basis, the discon: 
tinuists have been disposed to overlook change in particular disciplines, 
or to argue that these were merely specific manifestations of more general 
tendencies. One of the most articulate defenders of discontinuity, A. R 
Hall, has rebuked Thomas Kuhn and others for attempting to fracture the 
scientific revolution into a series of disciplinary events, arguing that it “re- 
fuses to dissolve into fragments,” but comprises “an unbroken and inter- 
locking series of new discoveries combined with changes in ideas, and it 
is quite arbitrary to resolve this into chapters concerned with discrete 
problems,” * 

It should be clear from the opening paragraphs of this section that I am 
sympathetic to the Koyré-Hall point of view. I agree that change at the 
metaphysical and methodological level was a critical feature of the scien- 
tific revolution, reverberating throughout the whole of the scientific enter 
prise. Moreover, I share Hall’s opinion that scientific disciplines in the 
sixteenth and seventeenth centuries were often closely linked, Nonethe- 
less, it seems to me a serious mistake to restrict attention to global change 
and ignore change at the disciplinary level. No doubt the individual disci- 
pline was influenced by general conceptions of nature and by broad meth- 
odological principles, but it should hardly be necessary to argue that the 
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arength and character of the connection varied from one discipline to 


another and that metaphysical and methodological influences interacted 


differentially with specific features of the various disciplines. Surely no dis- 
cipline was entirely self-sufficient, but neither were all disciplines locked 
into identical patterns of development. aes , 

But how does this discussion of global versus disciplinary change im- 
pinge on our assessment of the medieval scientific contribution? The con- 
nection is quite simple. A decision to concentrate on the global aspects of 
the scientific revolution, or to define the scientific revolution asa global 
event, powerfully tilts the continuity debate in the direction of discon- 
tiquity, because it focuses attention on precisely those aspects of scientific 
change within which discontinuity was most prominent. For what most 
clearly separated the natural philosophy of the Middle Ages from that of 
the early modern period was the appearance of a new conception of na- 
ture and new methodologies capable of influencing a wide range of scien- 
tific activity and belief; whereas it was within the various subjects or 
disciplines that medieval scholars made many of their most enduring con- 
tributions. A decision to concentrate on the global aspects of scientific 
change is therefore a decision to look for discontinuities. All interested 
parties would now grant (in principle) that there must have been elements 
of both continuity and discontinuity in the transition from medieval to 
early modern science; but to find them we must be willing to look for 
them in their customary habitats.* 

If we shift our attention to developments within specific disciplines, I 
believe that a persuasive case can be made for a significant measure of lin- 
guistic, conceptual, and theoretical continuity between the Middle Ages 
and the early modern period. The questions asked by the “new scientists 
of the seventeenth century were frequently those furnished by the medi- 
eval tradition. Much of the vocabulary of seventeenth-century science and 
many of the concepts denoted by that vocabulary were continuous with 
medieval usage. And on occasion medieval theories survived to be inte- 
grated into early modern science. f 

Examples are not difficult to find.” Galileo's analysis of the kinematics 
of falling bodies was, to a very considerable extent, an elaboration and ap- 
plication of kinematic principles developed at Oxford and Paris in the 
fourteenth century. The fact that Galileo saw the difference between kine- 
matics and dynamics already reveals the influence of the tradition descend- 
ing from Bradwardine and Oresme. As we probe Galileo's kinematics, it 
becomes apparent that the conceptual framework within which he was 
working—including conceptions of space, time, velocity, and accelera- 
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tion—was that of medieval kinematics. His mathematical Approach 
rowed a great deal from the fourteenth century. And prominent p 
finished Galilean theory were specific theorems of medieval origin, i ~ 
ing the “mean-speed theorem” or “Merton rule.” Indeed the mathe i aa 
relationships now considered the embodiment of Galileo's kines aa: 
achievement (v œ% t and s « t?) are both simple elaborations of defi aK 
or theorems articulated in the fourteenth century.* — 
Optics, especially in its more geometrical aspects, is another scien, h: 
displays a high degree of continuity between the Middle Ages and hee ba 
modern period. For example, Kepler's theory of the retinal ima oan 
claim that an inverted image of the visual field on the back of ie i 
responsible for vision) was a brilliant achievement and an impocuanell x 
vation in visual theory. But it does not follow that the theory of the eal 
image was revolutionary. It was the answer to an old question, worked ou 
entirely within the medieval conceptual framework, obtained not by ita 
repudiation of any of the fundamental principles of the discipline but l 
the determination to take those principles seriously. Likewise, Kepler's Res 
lution of the classic problem of radiation through small apertures (that iš 
his explanation of the puzzling fact that solar radiation projected through 
a square or triangular aperture gives rise, under suitable conditions, to 4 
paved EE of the sun) entailed no new geometrical principles, but 
merely the i 5 j iti i 
pe a more rigorous application of the traditional axioms of the 
Additional examples could easily be produced. Copernican astronomy 
preserved the basic aims and principles of astronomy as it had been 
practiced since Ptolemy. Continuities were equally present in astrology, 
alchemy, anatomy, physiology, medicine, and natural history. As early mod: 
ern science emerged in the sixteenth and seventeenth centuries, it main- 
tained a complicated relationship to the past. Radically new in important 
aspecis of its metaphysics and methodology, it nonetheless incorporated 
innumerable pieces of the medieval scientific achievement, sometimes un- 
changed, sometimes remolded to fit a new context. In order to demand 
respect for the medieval scientific achievement, we need not denigrate or 
diminish that of the sixteenth and seventeenth centuries. We need merely 
understand that the former shaped the latter and is therefore part of the 
ancestry of modern science. If we hope to understand what it means to 
inhabit the world of modern science, we cannot afford to be ignorant of 
the itinerary that brought us to it. 
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—————————— ee 


Notes to Pages 103-13 377 


20, Toomer, “Ptolemy,” pp. 192-94. p 
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Note that the differences between successive angles of refraction from an arith- 
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Recherches, pp. 152-66; Smith, “Ptolemy's Search for a Law of Refraction.” 

26. See Marshall Clagett, The Science of Mechanics in the Middle Ages, chap. 1. 
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23. On the Natural Faculties, trans. A. J. Brock, 11.15, p. 321, with minor editing, 
following Lloyd, Greek Science after Aristotle, p. 149. 
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29. Temkin, Galenism, p. 24. 
CHAPTER SEVEN 


1. Horace, Epistles, 111.156. 
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lary on the Dream of Scipio, trans. with introduction and notes by William H, Stahl; 
Stahl, Roman Science, pp. 153-69. 
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Ages and Renaissance,” pp. 198-99, 
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13. Jasper Hopkins, A Companion to the Study of St. Anselm; G. R. Bvatis, Ay 
and a New Generation; Richard W. Southern, Saint Anselm, esp. pp. 123-37; and 
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(Paris: J.-P. Migne, 1855), col. 375. For a brief account of Abelard’s life and thoughr, 
see David E. Luscombe, Peter Abelard; Luscombe, “Peter Abelard.” 

15. On twelfth-century Platonism, see M.-D. Chenu, Nature, Man, and Society in 
the Twelfth Century, chap. 2; and Tullio Gregory, “The Platonic Inheritance.” On 
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History of Mediaeval Science; and Lynn Thorndike, A History of. ‘Magic and Experi. 
mental Science, vol. 2, chaps. 35-50. 

16, Nikolaus M. Häring, “The Creation and Creator of the World according to 
Thierry of Chartres and Clarenbaldus of Arras"; Peter Dronke, “Thierry of 
Chartres”; J. M. Parent, La doctrine de la création dans l'école de Chartres, 

17. On the idea of nature, see Tullio Gregory, “La nouvelle idée de nature et de 
savoir scientifique au XIIe siècle”; and a number of the essays contained in La fi- 
osofia della natura nel medioevo. 

18. On William of Conches, see Tullio Gregory, Anima mundi: La filosofia di 
Guglielmo di Conches e la scuola di Chartres; Dorothy Elford, “William of Con- 
ches”; Thorndike, History of Magic, vol. 2, chap. 37. On Adelard of Bath, see 
Charles Burnett, ed., Adelard of Bath. For the quoted passages, see William of Con- 
ches, Philosophia mundi, ed. Gregor Maurach (Pretoria: University of South Africa, 
1974), 122, pp. 32-33 (a text slightly different from, and berer than, that in Migne’s 
Patrologia latina); Adelard of Bath, Quaestiones naturales, ed. M. Müller ( Reitrdge 
zur Geschichte der Philosophie des Mittelalters, vol. 31, pt. 2) (Münster: Aschendorff, 
1934), p. 8, quoted by William J. Courtenay, “Nature and the Natural in Twelfth- 
Century Thought,” p. 10; and Beryl Smalley, The Study of the Bible in the Middle 
Ages, p. 144. Chenu (Nature, Man, and Society) and Courtenay offer useful sum- 
maries and analyses of the problem. 

19. The quoted passages are taken from Tullio Gregory, “The Platonic Inheri- 
tance,” pp. 65, 57. CE. similar remarks by Adelard of Bath, Quaestiones naturales, 4, 
P. 8; quoted by Courtenay, “Nature and the Natural,” p. 10. 

20. William J. Courtenay, ‘Nature and the Natural in Twelfth-Century Thought” 
and “The Dialectic of Divine Omnipotence,” both in Courtenay’s Covenant and 
Causality in Medieval Thought, chaps. 3-4. 

21, On humanism, see Morris, Discovery of the Individual; Southern, Medieval 
Humanism, chap. 4. For a significant qualification, see Caroline Walker Bynum, 
“Did the Twelfth Century Discover the Individual?” 

22, The best sketch of the history of medieval astrology is to be found in Olaf 
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pedersen, “astcology,” Dictionary of the Middle Ages, 1:604-10. For further discus- 
ston and additional bibliography, see the final section of chap. 11, below. tape 

23. On mathematics in the twelfth century, see Charles Burnett, “Scientific 
speculations”: Gillian R. Evans, Old Arts and New Theology, pp. 119-136; Evans, 
“the Influence of Quadrivium Studies in the Eleventh- and Twelfth-Century 
schools”; and Guy Beaujouan, “The Transformation of the Quadrivium. For the 
quoted passage, see Häring, “The Creation and Creator of the World according to 
Thierry Of Chartres,” p. 196. ’ f r 

24. For a general discussion of the translations, see David on Lindberg, ‘The 
Transmission of Greek and Arabic Learning to the West”; Marie-Thérèse d Alverny, 
“Translations and Translators”; Millas-Vallicrosa, “Translations of Oriental Scientific 
Works”; Charles S.F. Burnett, “Translauon and Translators, Western European, 
Dictionary of the Middle Ages, 12: 136-42; Jean Jolivet, “The Arabic Inheritance”; 
and Haskins, Studies in the History of Mediaeval Science, passim. eee 

25. Michael McVaugh, “Constantine the African,” Dictionary of Scientific Biogra- 


phy, 3:393-95. 


26. Richard Lemay, “Gerard of Cremona,” Dictionary of Scientific Biography, 
15:173-92. For a list of Gerard’s translations, see the document translated by 
Michael McVaugh, in Edward Grant, ed., A Source Book in Medieval Science, 

. 35-38. 
eg For two diferent opinions, see Lemay, “Gerard of Cremona,” pp. 174-75; 
d'Alverny, “Translations and Translators,” pp. 453-54. pat 

28. Lorenzo Minio-Paluello, “Moerbeke, William of,” Dictionary of Scientific Bi- 

, 9:434—40, 
age eee importance of astrology in the revival of Aristotle, see Richard Lemay, 
Abu Ma'shar and Latin Aristotelianism in the Twelfth Century. 

30. M. B. Hackeu, “The University as a Corporate Body,” p. 37. 

31. Excellent introductions to the history of the universities are to be found in 
John W. Baldwin, The Scholastic Culture of the Middle Ages; Astrik L. Gabriel, “Uni- 
versities,” in Dictionary of the Middle Ages, 12:282-300; and Alan B. Cobban, The 
Medieval Universities: Their Development and Organization. Older classics, still 
useful, are Charles H. Haskins, The Rise of Universities; and Hastings Rashdall, The 
Universities of Europe in the Middle Ages, ed. F. M. Powicke and A. B. Emden, 3 vols, 
For excellent recent work on the English universities, see Catto, History of the Uni- 
versity of Oxford, vol. 1; William J. Courtenay, Schools and Scholars in Fourteenth- 
Century England; and Alan B. Cobban, The Medieval English Universities: Oxford 
and Cambridge to c. 1500. On Paris, see Stephen C. Ferruolo, The Origins of the 
University: The Schools of Paris and Their Critics, 1 100—1215. AY : 

32. On patronage and privileges, see Pearl Kibre, Scholarly Privileges in the 
Middle Ages; and Guy Fitch Lytle, “Patronage Patterns and Oxford Colleges, 
c 1300-c. 1530.” 

33. I owe these estimates to my colleague, William J. Courtenay. : 

34, For the data, see James H. Overfield, “University Studies and the Clergy in 
Pre-Reformation Germany,” pp. 277-86. 

35, For actual data on student mortality, see Guy Fitch Lytle, “The Careers of Ox- 


ford Students in the Later Middle Ages,” p. 221. i 
36. There is a great deal of useful literature on the curriculum of the medieval 
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universities. In general, see Baldwin, Scholastic Culture; James A. Weisheipl, “Cur. 
riculum of the Faculty of Arts at Oxford in the Fourteenth Century”; Weisheipt "De. 
velopments in the Arts Curriculum at Oxford in the Early Fourteenth Century”, and 
the relevant articles in Catto, The Early Oxford Schools, vol. 1 of The History Of the 
University of Oxford. 

37. On science in the medieval curriculum, in addition to the works of Baldwin 
and Weisheip! cited above, see Pearl Kibre, “The Quadrivium in the Thirteenth 
Century Universities (with Special Reference to Paris).” Also Guy Beaujouan, “Mo. 
tives and Opportunities for Science in the Medieval Universities"; Edward Grant. 
“Science and the Medieval University”; James A. Weisheipl, “Science in the Thir 
teenth Century”; and Edith Dudley Sylla, “Science for Undergraduates in Medieval 
Universities.” 

38. It needs to be stressed that learning in the Middle Ages was conceived as the 
mastery of a set of standard texts. This is in contrast to the modern view, which 
views education as the mastery of certain subjects and consider the choice of spe- 
cific texts to be incidental. 


CHAPTER TEN 


1, On the earliest dissemination of Aristatle’s works in the West, see Aleksander 
Birkenmajer, “Le rôle joué par les médecins et les naturalistes dans la réception 
d'Aristote au XII® et XIII‘ siècles”; Richard Lemay, Abu Ma'Shar and Latin Aristo- 
telianism in the Twelfth Century. On the reception of Aristotle in the universities, 
see the excellent discussion by Fernand Van Steenberghen, Aristotle in the West; a 
parallel analysis can be found in Van Steenberghen’s The Philosophical Movement 
in the Thirteenth Century. The useful discussion by David Knowles, The Evolution 
of Medieval Thought, is based largely on Van Steenberghen. For an excellent sur- 
vey of Aristotelianism in the West, see William A. Wallace, “Aristotle in the Middle 
Ages,” Dictionary of the Middle Ages, 1:456—69. On Oxford, see Van Steenberghen, 
Aristotle in the West, chap, 6; D. A. Callus, “Introduction of Aristotelian Learning to 
Oxford.” 

2. On Aristotelianism at Paris, see Van Steenberghen, Aristotle in the West, chaps. 
4-5. See also John W. Baldwin, Masters, Princes, and Merchants: The Social Views 
of Peter the Chanter and His Circle, 1:104—7; and Richard C. Dales, The Intellectual 
Life of Western Europe in the Middle Ages, pp. 243-46. For a translation of docu- 
ments bearing on the events in Paris, see Lynn Thorndike, University Records and 
Life in the Middle Ages, pp. 26-40; reprinted, with additional notes, in Edward 
Grant, ed., A Source Book in Medieval Science, pp. 42-44. 

3. For the Latin text, see Henricus Denifle and Aemilio Chatelain, Chartularium 
Universitatis Parisiensis, 4 vols, (Paris: Delalain, 1889-97), 1:138, 143. For another 
English translation, which includes more of the text, see Thorndike, University 
Records, p. 40. 

4, Van Steenberghen, Aristotle in the West, pp. 89-110; David C. Lindberg, ed. 
and trans., Roger Bacon's Philosophy of Nature, pp. xvi-xvii. 

5. Van Steenberghen, Aristotle in the West, pp. 17-18, 64-66, 127-28. A brief ac- 
count of Avicenna’s philosophy can be found in Majid Fakhry, A History of Islamic 
Philosophy, pp. 147-83; and G. C. Anawati and Albert Z. Iskandar, “Ibn Sind,” Dic- 
tionary of Scientific Biography, 15:494-501. 
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6, Van Steenberghen, Aristotle in the West, pp. 18-20, 89-93. The most impor- 
tant translator of Averroes was Michael Scat (d. ca. 1235), beginning in 1217 and 
continuing into the 1230s, but there is no evidence that his translations were used 
at Paris until after 1230; see ibid., pp. 89-94, Lorenzo Minio-Paluello, “Michael 
Scot,” Dictionary of Scientific Biography, 9:361-65. On Averroes’ philosophy, see 
Fakhry, History of Islamic Philosophy, pp. 302-25; Roger Arnaldez and Albert Z. 
Iskandar, “Ibn Rushd,” Dictionary of Scientific Biography, 12:1-9. 

7. See, for example, Aristotle, On the Heavens, 1.10—11. For a discussion of Aris- 
totle’s doctrine, see Friedrich Solmsen, Aristotie’s System of the Physical World, 
pp. 31, 266-74, 288, 422-24. 

8. See, for example, St. Thomas Aquinas, Siger of Brabant, and St. Bonaventure, 
On the Eternity of The World, trans. Cyril Vollert et al. Boethius of Dacia, On the 
Supreme Good, On the Eternity of the World, On Dreams, Richard C. Dales, “Time 
and Eternity in the Thirteenth Century," Journal of the History of Ideas, 49 (1988): 
27-45. For a full account of medieval discussions, see Dales, Medieval Discussions 
of the Eternity of the World. 

9. Fora short account of determinism and indeterminism in Aristotle, see Abra- 
ham Edel, Aristotle and His Philosophy, pp. 95, 389-401. For a full analysis, see 
Richard Sorabji, Necessity, Cause, and Blame. For an excellent analysis of the Is- 
lamic attack on this problem, see Barry S. Kogan, Averroes and the Metaphysics of 
Causation. 

10. For the biblical doctrine, see Matthew 10:29-31. 

11. On Aristotle's theory of the soul, see G. E. R. Lloyd, Aristotle, chap. 9. On the 
Christian response, see Fernand Van Steenberghen, Thomas Aquinas and Radical 
Aristotelianism, pp. 29-70; Knowles, Evolution of Medieval Thought, pp. 206-18, 
292-96. 

12. For an extended account of Averroistic monopsychism and the Western re- 
sponse, see Van Steenberghen, Thomas Aquinas and Radical Aristotelianism, 
pp. 29-74. 

3. For a full account, see William J. Courtenay, Teaching Careers at the Univer- 
sity of Parts in the Thirteenth and Fourteenth Centuries. 

14. On Grosseteste and his scholarly career, see the excellent study by James 
McEvoy, The Philosophy of Robert Grosseteste; for the dating of Grosseteste’s com- 
mentary on the Posterior Analytics, see pp. 512-14. On Grosseteste’s life and work, 
see also D. A. Callus, ed., Robert Grosseteste, Scholar and Bishop; and Richard W. 
Southern, Robert Grosseteste. On Grosseteste’s investigation of Aristotle’s logic and 
its effect on his scientific methodology, see the somewhat overstated analysis by 
A. C. Crombie, Robert Grosseteste and the Origins of Experimental Science, 
1100—1700, chaps. 3—4; also William A. Wallace, Causality and Scientific Explana- 
tion, 1:28-47. 

15. On Grosseteste’s cosmogony, see below, chap. 11, and the accompanying 
notes. 

16. On Bacon's scientific career, see Stewart C. Easton, Roger Bacon and His 
Search for a Universal Science; Theodore Crowley, Roger Bacon: The Problem of 
the Soul in His Philosophical Commentaries. For a convenient biographical sketch, 
see Lindberg, Bacon's Philosophy of Nature, pp. xv—-xxvi. 

17. On the term “handmaiden” and its gender implications, see above, chap. 7, 
n. 27. 
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18. The Opus majus of Roger Bacon, ed. John H. Bridges, 3 vols. (London; 
Willians and Norgate, 1900), 3:36. On Bacon’s defense of the new philo; i 
see David C. Lindberg, “Science as Handmaiden: Roger Bacon and the Patristic 
Tradition.” s 

19. Bonaventure’s position in relation to the various philosophical traditions of 
the thirteenth century has been much disputed. For an account of the alternatives 
and an anempt to adjudicate among them, see Van Steenberghen, Aristotle in the 
West, pp. 147-62; Knowles, Evolution of Medieval Thought, pp. 236-48; and John 
Francis Quinn, The Historical Constitution of St. Bonaventure’ Philosophy, esp 
pp. 841-96. These works will lead the reader to additional sources. i 

20. On Albert's life and works, see James A. Weisheipl, “The Life and Works of 
St. Albert the Great,” in Weisheipl, ed., Albertus Magnus and the Sciences, pp. 13~ 
51; also Appendix I to the same volume, pp. 565-77. 

21. Quoted by Benedict M. Ashley, “St. Albert and the Nature of Natural Science,” 
in Weisheipl, Albertus Magnus and the Sciences, p. 78. On Albert's thought, see the 
essays contained in this volume; also Van Steenberghen, Aristotle in the West, 
pp. 167-81; and Francis J. Kovach and Robert W. Shahan, eds., Albert the Great: 
Commemorative Essays. 

22. On Albert's sources, see the various essays in Weisheipl, Albertus Magnus 
and the Sciences. 

23. Karen Reeds, “Albert on the Natural Philosophy of Plant Life,” in Weisheipl, 
Albertus Magnus and the Sciences, p. 343. On Albert as an observer of flora, fauna, 
and minerals, see the excellent essays in this volume. 

24. Albert's theory of the soul is discussed by Anton C. Pegis, St. Thomas and the 
Problem of the Soul in the Thirteenth Century, chap. 3; and by Katharine Park, “Al- 
bert’s Influence on Medieval Psychology.” For Albert's views on the eternity of the 
world, see the introduction to Thomas Aquinas, Siger of Brabant, and Bonaventure, 
On the Eternity of the World, trans. Vollen et al., p. 13. 

25. On Albert's naturalist program and the question of Noah's flood, see Albert's 
De causis proprietatibus elementorum, 1.2.9, in Albert the Great, Opera omnia, ed. 
Augustus Borgnet, 38 vols. (Paris, Vivés, 1890-99), 9:618-19. Cf. Lynn Thorndike, 
History of Magic and Experimental Science, 2:535. 

26. The literature on Thomas Aquinas is enormous. On his life, see James A. 
Weisheipl, Friar Thomas d'Aquino: His Life, Thought and Works. Useful summaries 
of his scholarly achievement (here arranged in order of ascending length) are 
Knowles, Evolution of Medieval Thought, chap. 21; Ralph MclInerny, St. Thomas 
Aquinas; M-D, Chenu, Toward Understanding St. Thomas; and Etienne Gilson, 
The Christian Philosophy of St. Thomas Aquinas. Most discussions of Thomas's phi- 
losophy (including all of the above) have been written by modern-day Thornists, 
committed to Thomas's philosophy and not averse to extolling its virtues. These 
works are marred, therefore, by a tendency to see Thomas (because he was “right”) 
as the glorious culmination of medieval thought. For a brief account that manages 
to capture the essentials of Thomas's achievement while avoiding value judgments, 
see Julius Weinberg, A Short History of Medieval Philosophy, chap. 9. 

27. Thomas Aquinas, Faith, Reason and Theology: Questions I—IV of His Com- 
mentary on the De Trinitate of Boethius, trans. Armand Maurer, p. 48. The first two 
of these four questions are devoted to the legitimacy of employing philosophy in 
matters of faith. 
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2, Ibid., pp. 48-49. 
29, For an excellent analysis of Thomas's position on the eternity of the world 


and the nature of the soul, see Van Steenberghen, Aquinas and Radical Aristo- 
telianism, chaps. 1—2. 

30. For a discussion of radical Aristotelianism and its consequences, see the ex- 
cellent survey by Edward Grant, “Science and Theology in the Middle Ages.” 

31. In the judgment of Siger’s foremost modern interpreter, this was not a matter 
of caving in to theology, but of being led by the force of Thomas's philosophical 
arguments to rethink and correct his own philosophical position. See Fernand Van 
Steenberghen, Les oeuvres et la doctrine de Siger de Brabant; Aristotle in the West, 
pe- 209-29; and Aquinas and Radical Aristotelianism, pp. 6-8, 35—43, 89-95. It is 
inconceivable to me that Siger’s philosophical purity would not have been com- 
promised in some measure by the need to arrive at a theologically orthodox 
conclusion. 

32, Boethius of Dacia, On the Supreme Good, On the Eternity of the World, On 
Dreams, pp. 36-67, quoting from p. 47. 

33. For a short account of the condemnations, see Van Steenberghen, Aristotle 
în the West, chap. 9; John F. Wippel, “The Condemnations of 1270 and 1277 at Paris”; 
Edward Grant, “The Condemnation of 1277, God's Absolute Power, and Physical 
‘Thought in the Late Middle Ages.” For an extended analysis of the condemnations 
tn relation to natural philosophy, see Pierre Duhem, Le systome du monde, vol. 6; 
Roland Hissette, Enquête sur les 219 articles condamnés à Parts le 7 mars 1277. 
For a translation of the decree of 1277 and the condemned propositions, see Ralph 
‘Lerner and Muhsin Mahdi, eds., Medieval Political Philosophy: A Sourcebook (New 
York: Free Press of Glencoe, 1963), pp. 335-54; a selection of propositions relevant 
to natural philosophy appears, with introduction and running commentary, in 
Edward Grant, A Source Book in Medieval Science, pp. 45-50. 

34. ‘There are at least two possible interpretations of this straight-line motion, 
which the radical Aristotelians denied God the ability to bestow on the heaven: 
(a) a motion of translation, which would have moved the heaven as a whole and its 
contents (that is, the entire cosmos) in one direction or another; and (b) rectilinear 
descent of the heaven, or a portion of the heaven, toward the center of the cosmos. 
The former interpretation was certainly current by the middle of the fourteenth 
century, when it was expressed by John Buridan in his commentary on Aristotle's 
Physics; through the influence of Pierre Duhem it has since become standard. The 
latter interpretation, Roland Hissete has recently shown, is probably what the 
framers of this article of the condemnation had in mind. Fortunately, for our pur- 
poses it does not matter which of the two interpretations was held by any particular 
historical actor, since the essential point is the same in either case—namely, that 
God cannot cause rectilinear motions that threaten to leave a vacuum in their wake. 
See Pierre Duhem, tudes sur Léonard de Vinci, 2:412; Anneliese Maier, Zwischen 
Philosophie und Mechanik, pp. 122-24; Edward Grant, “The Condemnation of 
1277, God's Absolute Power, and Physical Thought in the Late Middle Ages,” 
pp. 226-31; Hissette, Enquéte sur les 219 articles, pp. 118-20. 

35. Duhem, Etudes sur Léonard de Vinci, 2:412; Duhem, Système du monde, 
6:66. For survival of the Duhem claim, qualified and weakened but still recogniz- 
able, see Edward Grant, “Late Medieval Thought, Copernicus, and the Scientific 
Revolution”; and “Condemnation of 1277." 
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36. On the question of void space, see Edward Grant, Much Ado about Nothin, 
Theories of Space and Vacuum from the Middle Ages to the Scientific Revolution. 
also Grant, “Condemnation of 1277,” pp. 232-34. z 

37. For an excellent historical analysis of the question of divine omnipotence 
see Francis Oakley, Omnipotence, Covenant, and Order. $ 

38. Transubstantiation is the process by which, according to Catholic doctrine, 
the eucharistic bread and wine are transformed into the body and blood of Christ 

39. See Grant, “Science and Theology in the Middle Ages,” pp. 54-70; Grant. 
Nicole Oresme and the Kinematics of Circular Motion. 

40. For the impact of the condemnations on natural philosophy, see Grant, 
“Condemnation of 1277.” 

41. William A. Wallace, “Thomism and Its Opponents,” Dictionary of the Middle 
Ages, 12:38—45; Knowles, Evolution of Medieval Thought, chap. 24, Grant, “Con- 
demnation of 1277." The quoted passages come, respectively, from Marshall 
Clagett, The Science of Mechanics in the Middle Ages, p. 536 (with minor modifica. 
tions); and Nicole Oresme, Le livre du ciel et du monde, ed. and wans. A. D, Menut 
and A J. Denomy, p. 369. 

42. On late medieval and Renaissance Aristotelianism, see John Herman Randall, 
Jr., The School of Padua and the Emergence of Modern Science; Charles B, Schmitt, 
Aristotle and the Renaissance. For the quotation (both English translation and Latin 
text), see William J. Courtenay and Katherine H. Tachau, “Ockham, Ockhamists, 
and the English-German Nation at Paris, 1339-1341,” pp. 61, 86. 

43. On the epistemological discussions of the late thirteenth and fourteenth cen- 
turies, see Marilyn McCord Adams, William Ockham, 1:551-629; Eileen Serene, 
“Demonstrative Science,” in Norman Kretzmann, Anthony Kenny, and Jan Pinborg, 
eds., The Cambridge History of Later Medieval Philosophy, pp. 496-517. On 
Ockham, see also William J. Courtenay, “Ockham, William of,” Dictionary of the 
Middle Ages, 9:209-14. 

44, Oakley, Omnipotence, Covenant, and Order, chap. 3; William J. Courtenay, 
“The Criuque on Natural Causality in the Mutakallimun and Nominalism.” For a full 
discussion of divine omnipotence and its implications for natural philosophy, see 
Courtenay's Capacity and Volition: A History of the Distinction of Absolute and Or- 
dained Power; Amos Funkenstein, Theology and the Scientific Imagination from 
the Middle Ages to the Seventeenth Century, pp. 117-201. 

45. And it was generally held that those exceptions were built into the universe 
from the moment of creation; see above, chap. 9. 

46. See the essays in Courtenay, Covenant and Causality, esp. chap. 4: “The Dia- 
lectic of Divine Omnipotence”; and chap. 5: “The Critique on Natural Causality in 
the Mutakallimun and Nominalism.” 

47, On the subtle connection between the doctrine of divine omnipotence and 
experimental method, see Funkenstein, Theology and the Scientific Imagination, 
pp. 152-79. 


CHAPTER ELEVEN 


1. T have decided not to employ theoretical classification schemes (“divisions of 
the sciences”) developed during the Middle Ages, on the grounds that the scientific 
literature actually produced did not fit neatly into the categories thus defined. On 
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these schemes, see James A. Weisheipl, “Classification of the Sciences in Medieval 
Thought”: Weisheipl, “The Nature, Scope, and Classification of the Sciences.” 

2, Chaps. 7 and 9. 

3, For a good example of twelfth-century cosmology, see The Cosmographia of 
Bernardus Silvestris, trans. with introduction and notes by Winthrop Wetherhee. 
see also, above, chap. 9. On medieval cosmology more generally, see C. S. Lewis, 

The Discarded Image. 

3, A.C, Crombie, Robert Grosseteste and the Origins of Experimental Science, 
1100—1700. 

§, Grosseteste refers to this form as “first form” or “corporeal form.” For more 
on corporeal form, see below, chap. 12. 

6. On Grosseteste’s cosmology, see the excellent study by James McEvoy, The 
Philosophy of Robert Grosseteste, pp. 149-88, 369-441. For a short version, see 
David C. Lindberg, “The Genesis of Kepler's Theory of Light: Light Metaphysics 
from Plotinus to Kepler,” pp. 14-17. 

7. Pierre Duhem, Ze système du monde, 10 vols, Excerpts from these 10 volumes 
have been translated into English in Pierre Duhem, Medieval Cosmology: Theories 
of Infinity, Place, Time, Void, and the Plurality of Worlds, ed. and trans. Roger 
Ariew. I am especially indebted, in the account that follows, to the excellent sum- 
mary of medieval cosmology in Edward Grant, “Cosmology”; also the articles col- 
lected in Grant's Studies in Medieval Science and Natural Philosophy. See also Olaf 
Pedersen, “The Corpus Astronomicum and the Traditions of Mediaeval Latin As- 
tronomy.” Thomas Aquinas's cosmology is nicely treated in the new Blackfriars edi- 
tion of his Summa Theologiae, vol. 10: Cosmogony, ed. and trans. William A. 
Wallace. Edward Grant's forthcoming The Medieval Cosmos 1200-1687 should 
contain the definitive treatment of medieval cosmology. 

8. Edward Grant, “Medieval and Seventeenth-Century Conceptions of an Infinite 
Void Space beyond the Cosmos”; Grant, Mech Ado about Nothing, esp. chaps. 5-6. 

9. Edward Grant, “The Medieval Doctrine of Place: Some Fundamental Prob- 
lems and Solutions,” esp. pp. 72-79. 

10. Grant, “Cosmology,” pp. 275-79; Grant, “Celestial Orbs in the Latin Middle 
Ages,” pp. 159-62; Grant, “Science and Theology in the Middle Ages,” pp. 63—64. 

Il. For representative medieval texts, see those included in Lynn Thorndike, ed. 
and trans., The Sphere of Sacrabosco and its Commentators, p. 206. For discus- 
sion, see Edward Grant, “Celestial Matter: A Medieval and Galilean Cosmological 
Problem”; Grant, “Celestial Orbs,” pp. 167-72; Grant, “Cosmology,” pp. 286-88. 

12, James A. Weisheipl, “The Celestial Movers in Medieval Physics”; Grant, “Cos- 
mology,” pp. 284-86. 

13. For this data, see Grant, “Cosmology,” p. 292; Francis S. Benjamin and G. J. 
Toomer, eds. and trans., Campanus of Novara and Medieval Planetary Theory: 
“Theorica planetarum”, pp. 356~63. Campanus defines a mile as the equivalent of 
4,000 cubits and gives the circumference of the earth as 20,400 miles (Benjamin 
and Toomer, p. 147). For more on ideas of cosmic size, see Bernard R. Goldstein 
and Noel Swerdlow, “Planetary Distances and Sizes in an Anonymous Arabic 
‘Treatise Preserved in Bodleian MS Marsh 621"; Albert Van Helden, Measuring the 
Universe: Cosmic Dimensions from Aristarchus to Halley. 

14, On the rainbow, see Edward Grant, ed., A Source Book in Medieval Science, 
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pp. 435-41; Carl B. Boyer, The Rainbow: From Myth to Mathematics, chaps, 35, 
For a convenient account of medieval meteorology, see John Kirtland Wri 
Geographical Lore of the Time of the Crusades: A Study in the History of Mediena 
Science and Tradition in Western Europe, pp. 166-81; Nicholas H. Steneck. Science 
and Creation in the Middle Ages: Henry of Langenstein (d. 1397) on Genesis, 
pp. 84-87. 

15. The idea that Columbus was opposed by people who believed in thë Ilatnesg 
of the earth is a modern legend; see Jeffrey B. Russell, drnwenting the Flat Earth 
Columbus and Modern Historians, f 

16. For a sketch of medieval geography, see Lewis, Discarded Image, pp. 89- 
46, from whom this point and the terminology for expressing it have been bor- 
rowed. For a full-length survey, see Wright, Geographical Lore. On carte graphy, see 
David Woodward, “Medieval Mappaemundi.” 

17. William H. Stahl, Roman Science, pp. 115-19, 221-22, 

18. On types of medieval maps and their functions, see the articles in History of 
Cartography, ed. J. B. Harley and David Woodward, vol. 1. On the two maps men. 
tioned here, see Woodward “Medieval Mappaemunai,” pp. 290, 310. 

19. On mappaemundi, see the thorough study by Woodward, “Medieval: 
Mappaemundi.” 

20. On portolan charts and Ptolemy's mapping techniques, see two articles in 
Harley and Woodward, History of Cartography, vol. 1: Tony Campbell, “Portolan 
Charts from the Late Thirteenth Century to 1500,” pp. 317-463; O. A. W. Dilke, “The 
Culmination of Greek Cartography in Ptolemy,” pp. 177-200. 

21. The rotational speeds would, of course, have to be the same, whether it is the 
earth or a celestial sphere doing the rotating. However, owing to the smaller radius 
of the earth, a point on its surface would move more slowly than would a point on 
the surface of a celestial sphere, 

22. Nicole Oresme, Le Livre du ciel et du monde, pp. 525, 531, with a variety of 
improvements and corrections. For analysis, see Marshall Clageu, The Science of 
Mechanics in the Middle Ages, pp. 583-88; Edward Grant, Physical Science in the 
Middle Ages, pp. 63-70; Grant McColley, “The Theory of the Diurnal Rotation. of 
the Earth.” 

23. Oresme, Livre du ciel, p. 537 (with modified punctuation). 

24. Ibid., pp. 537-39. 

25. Pierre Duhem, To Save the Phenomena: An Essay on the Idea of Physical 
Theory from Plato to Galileo (1969); the work was first published in French in 1908. 
The same interpretation in a less developed form had been presented two years 
earlier by J.L. E. Dreyer, History of the Planetary Systems from Thales to Kepler 
(1906). 

26. See G. E. R. Lloyd, “Saving the Appearances.” 1 have also been influenced 
by chap. 1 of Bruce S. Eastwood's projected Before Copernicus: Planetary Theory 
and tbe Circumsolar Idea from Laie Antiquity to the Twelfth Century (read in 
typescript). 

27. Grant, “Cosmology,” pp. 265-68. 

28. On Islamic astronomy in general, see George Saliba, “The Development of 
Astronomy in Medieval Islamic Society”; Saliba, “Astrology/Astronomy, Islamic,” 
Dictionary of the Middle Ages, 1:616-24; the collected articles of David A. King, 
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Mathematical Astronomy; A. 1. Sabra, “The Scientific Enterprise"; Owen 


r Tich, “Islamic Astronomy”; E. S. Kennedy, “The Arabic Heritage in the Exact 
Eces" and Noel M. Swerdlow and Ono Neugebauer, Mathematical Astron- 
ci $ 


gny in Copernicus’s De Revolutionibus, pp. 41—48. For an older attempt, see 
ye £, Dreyer, History of Astronomy from Thales to Kepler, 2d ed, chap. 1. On non- 
jemaic systems, see A. I, Sabra, “The Andalusian Revolt against Ptolemaic Astron- 
ko, » Averroes and al-Bitriji.” For a large collection of useful articles on astro- 
Ba topics, see E. S. Kennedy (with colleagues and former students), Studies in 
the Islamic Exact Sciences. i (x 
29. On Greek and Arabic trigonometry, see E. 5. Kennedy, “The History of Trig- 
: An Overview.” 
Eo. esal The Observatory in Islam and its Place in the General History of 
the Observatory, chaps. 6, 8; T. N. Kari-Niazov, “Ulugh Beg,” Dictionary of Scientific 
Biography. 13:535-37. For a photograph of the still-impressive remains of Ulugh 
Begs sextant, see Sabra, “Scientific Enterprise,” p. 195. A 

31. For a lucid and reliable account of the astrolabe, see J. D. North, ‘The Astro- 
tabe”; or North, Chaucer's Universe, pp. 38-86. For a more detailed analysis, see 
The Planispberic Astrolabe. On Islamic astronomical instruments in general, see 
David A. King, Islamic Astronomical Instruments. -i v 

32, On Ibn al-Haytham’s astronomical work, see A. I. Sabra, “Ibn al-Haytham, 
Dictionary of Scientific Biography, 6:197-99; Sabra, “An Eleventh-Century Refuta- 
tion of Ptolemy's Planetary Theory.” a 

33, A. I. Sabra, “Andalusian Revolt against Ptolemaic Astronomy., Roger Arnaldez 
and Albert Z. Iskandar, “Ibn Rushd,” Dictionary of Scientific Biography, 12: 3-5. Al- 
Bitrūğ, On the Principles of Astronomy, ed. and ans. Bernard R. Goldstein. 

34, On early medieval astronomy, see the first few items in Bruce S. Eastwood, 
Astronomy and Optics from Pliny to Descartes; Eastwood, “Plinian Astronomical 
Diagrams in the Early Middle Ages”; Stephen C. McCluskey, “Gregory of Tours, Mo- 
nasti¢ Timekeeping, and Early Christian Attitudes to Astronomy”; and Claudia Kren, 
“astronomy,” in David L. Wagner, Ed., The Seven Liberal Aris in the Middle Ages, 
pp. 218-47. 

35. My understanding of Western astronomy is heavily dependent on the work 
of Olaf Pedersen, especially his “Astronomy,” in David C. Lindberg, ed., Science in 
the Middle Ages, pp. 303-36; “Corpus Astronomicum and the Traditions of Medi- 
aeval Latin Astronomy”; and Olaf Pedersen and Mogens Pihl, Barly Physics and As- 
tronomy: A Historical Introduction, chap. 18. i 

36. On the Toledan Tables, see G. J. Toomer, “A Survey of the Toledan Tables”; 
Ernst Zinner, “Die Tafeln von Toledo.” 

37. Thorndike, Sphere of Sacrobosco, supplies the Latin text of this treatise, an 
English translation, and a very useful introduction. Sacrobosco also composed a 
treatise on arithmetic and another on the calendar, see ibid., pp. 3-4. 

38. For the remaining planets, see Pedersen, “Astronomy,” pp. 316-18; also Pe- 
dersen’s translation of the Theorica in Edward Grant, ed., A Source Book in Medi- 
eval Science, pp. 451-65. 

39. See, for example, Claudia Kren, “Homocentiric Astronomy in the Latin West: 
The De reprobatione ecentricorum et epiciclorum of Henry of Hesse. ; 

40. For Bacon's account, see Pierre Duhem, Un fragment inédit de l'Opus 
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tertium de Roger Bacon, précédé d'une étude sur ce fragment, pp. 128-37. On Ber. 
nard, see Claudia Kren, “Bernard of Verdun,” Dictionary of. Scientific Biography, 
2:23-24. The reference to Guido de Marchia I owe to my colleague Michael Shank 

41. Extracts from the Alphonsine Tables have been translated and annotated by 
Victor E. Thoren, in Grant, Source Book, pp. 465-87. On the Toledan and Alphon- 
sine Tables, see also North, Chaucer's Universe, pp. 147-53. Both Thoren ang 
North provide a sample calculation. 

42. No history of astronomy in the later Middle Ages exists. For useful glimpses 
sce the following works of J. D. North: Richard of Wallingford, An Edition Of His 
Writings with Introductions, English Translation and Commentary, 3 vols: “The 
Alphonsine Tables in England,” in North’s Stars, Minds and Fate: Essays in Anciony 
and Medieval Cosmology, pp. 327-59; and Chaucer's Universe. On medieval Jew. 
ish astronomy (which frequently interacted with Latin astronomy), see the Papers 
collected in Bernard R. Goldstein, Theory and Observation in Ancient and Medi- 
eval Astronomy. On Regiomontanus and Copernicus, see Noel M. Swerdlow and 
Ouo Neugebauer, Mathematical Astronomy in Copernicus’s De Revolutionibus, 

43. On early astrology, see Jim Tester, A History of Western Astrology; Olaf Pe. 
dersen, “Astrology,” Dictionary of the Middle Ages, 1:604-10 (Pedersen includes q 
good bibliography); A. A. Long, “Astrology: Arguments Pro and Contra”; Theodore 
Otto Wedel, The Mediaeval Attitude toward Astrology, Particularly in England: 
Franz Cumont, Astrology and Religion among the Greeks and Romans; J.D. North, 
“Celestial Influence—the Major Premiss of Astrology”; North, “Astrology and the 
Fortunes of Churches”; Edward Grant, “Medieval and Renaissance Scholastic Con- 
ceptions of the Influence of the Celestial Region on the Terrestrial”; Lewis, Dis- 
carded Image, pp.102—10; and the papers contained in Patrick Curry, ed., 
Astrology, Science and Society: Historical Essays (especially that of Richard Lemay, 
“The True Place of Astrology in Medieval Science and Philosophy”). 

44. On Mesopotamian astrology, see B. L, van der Waerden and Peter Huber, 
Science Awakening, II: The Birth of Astronomy, chap. 5; Richard Olson, Science De- 
ified and Science Defied: The Historical Significance of Science in Western Culture, 
pp. 34-56. 

45. Aristotle is quoted from Meteorologica, 1.2, trans. E. W, Webster, in The Com- 
plete Works of Aristotle, ed. Jonathan Barnes, p. 555. 

46. Ptolemy, Tetrabiblos, 1.2, ed. and trans. F. E. Robbins, pp. 5-13 (with one 
change of wording), On Ptolemy's astrology, see also Tester, History of Western AS- 
trology, chap. 4; Long, “Astrology: Arguments Pro and Contra,” pp. 178-83. 

47. Augustine, City of God, V.6, tans. William H. Green (London: Heinemann, 
1963), vol. 2, p. 157. On Augustine's attitude toward astrology see also his Confes- 
sions, IV.3 and VIL6; Wedel, Mediaeval Attitude toward Astrology, pp. 20-24 
Joshua D. Lipton, “The Rational Evaluation of Astrology in the Period of Arabo-Latin 
Translation, ca, 1126-1187 a.D.” pp. 133-35; Tester, History of Western Astrology, 
chap. 5. 

48. Wedel, Mediaeval Attitude toward Astrology, chap. 2. 

49. The Didascalicon of Hugh of St. Victor: A Medieval Guide to the Arts, tans. 

Jerome Taylor, p. 68. For the Latin text of the second quotation, see C, S. F. Burnett, 
“What is the Exberimentarius of Bernardus Silvestris? A Preliminary Survey of the 
Material.” For the third quotation (possibly from William of Conches), see Lipton, 
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“Rational Evaluation of Astrology,” p. 145. Lipton’s study contains a very useful 


analysis of twelfth-century astrology; see also Wedel, Mediaeval Attitude toward As- 


. 60-63. 

ee ace, Abu Ma‘shar, pp. 41-132; David Pingree, "Abū Ma‘shar al-Balkhi,” 
Dictionary of Scientific Biography, 1:32-39. : f 

$1 See, for example, Nancy G. Siraisi, Taddeo Alderotti and His Pupils: Two 
Generations of lalian Medical Learning, pp. 140-45. 

52, G. W. Coopland, Nicole Oresme and the Astrologers, pp. 53-57. On Oresme, 
see also Stefano Caroti, “Nicole Oresme's Polemic against Astrology in His ‘Quod- 
ibeta,” in Curry, Astrology, Science and Society, pp. 75-93. 


CHAPTER TWELVE 


1. On theories of “nature” and the “physical,” see R. G. Collingwood, The Idea of 
Nature; Ivor Leclerc, The Nature of Physical Existence. 

2, On the continuity between medieval and early modern science, see chap. 14, 
below. 
$ on Aristotelian natural philosophy, see chap. 3, above, and the citations pro- 
yided there. On subsequent developments within the Aristotelian tradition, see 
Harry Austryn Wolfson, Crescas' Critique of Aristotle: Problems of Aristotle's 
“Physics” in Jewish and Arabic Philosophy; Leclerc, Nature of Physical Existence; 
Norma E. Emerton, The Scientific Reinterpretation of Form, chaps. 2-3. 

4, G. E. R Lloyd, Aristotle, pp. 164-75; Anneliese Maier, “The Theory of the Ele- 
ments and the Problem of Their Participation in Compounds,” in Maier, On the 
Threshold of Exact Science, chap. 6. 

5, Leclerc, Nature of Physical Existence, chaps. 8-9. For a very challenging discus- 
sion of Greek and medieval conceptions of matter, see the articles collected in Ernan 
MeMullin, ed., The Concept of Mauer in Greek and Medieval Philosophy. 

6. See Wolfson, Crescas’ Critique, pp. 580-90; Anhur Hyman, “Aristotle's ‘First 
Matter’ and Avicenna’s and Averroes’ ‘Corporeal Form’,” in Harry Austryn Wolfion 
Jubilee Volume, 1385-406. On the significance of the idea of corporeal form within 
medieval Christian thought, see D. E. Sharp, Franciscan Philosophy at Oxford in the 
Thirteenth Century, pp. 186-89. 

7. Leclerc, Nature of Physical Existence, pp. 125-29; Sharp, Franciscan Philoso- 
phy at Oxford, pp. 220-22, 292-95. 

8. On the Aristotelian doctrine of mixtio, see Friedrich Solmsen, Aristotle s System 
of the Physical World, chap. 19; Waterlow, Nature, Change, and Agency, pp. 82-85; 
Emerton, Scientific Reinterpretation of Form, chap. 3. 

9. On the medieval doctrine of méxtio, see E. J. Dijksterhuis, The Mechanization. 
of the World Picture, pp. 200-204, Emerton, Scientific Reinterpretation of Form, 
pp. 77-85; Robert P. Multhauf, The Origins of Chemistry, pp. 149-52; and most 
usefully Anneliese Maier, An der Grenze von Scholastik und Naturwissenschaft, 2d 
ēd., pp. 3-140, the introductory portion of which appears as “Theory of the Ele- 
ments,” in Maier, Threshold, trans. Sargent, chap. 6. 

10. On minima, see Dijksterhuis, Mecbanization, pp. 205—9; Emerton, Scien- 
tific Reinterpretation of Form, pp. 85-93. 

11. For an excellent general introduction to problems and sources on medieval 
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alchemy, see Robert Halleux, Les textes alchimiques; also Claudia Kren, 

in Europe: A Guide to Research. Older literature, still useful, includes: 
wood Taylor, The Alchemists; E.J. Holmyard, Alchemy; and Multhauf. > 
Chemistry, chaps. 5—9. For brief and more up-to-date sketches, sce; Manfred TN 

mann, “AL-Kimiy2," The Encyclopaedia of Islam, new ed., vol. 5, fasc. 79 a 
pp. 110-15; and Robert Halleux, “Alchemy,” Dictionary ofthe Middle Ages, 1:134 a 
And for the latest word: William R. Newman, “The Genesis of the Sinia 4 
tionis”; Newman, “Technology and Chemical Debate in the Late Middle Ages”; and 
Newman, The ‘Summa perfectionis” of Psetucio-Geber: A Critical Edition, Transia. 

tion, and Study (portions of which Newman was kird enough to let me see in 
typescript). 

12. The sulphur and mercury in question were not the common mineralg by 
those names, but the pure essences thought to provide the various qualities 
needed to produce metals, sometimes referred to as “philosophical sulphur” and 
“philosophical mercury.” Philosophical sulphur was frequently identified as the ac. 
lve, spiritual principle; philosophical mercury as the passive, material principle. 

13. On alchemical apparatus and processes, see Holmyard, Alchemy, chap, 4 4 

14. On later alchemy, see Allen G. Debus, Man and Nature in the Renaissance, 
chap. 2; and Debus, The Chemical Philosophy: Paracelsian Science and Medicine in 
the Sixteenth and Seventeenth Centuries, 2 vols. 

15. Physics, II.1, 200°14—15. 

16, Tam indebted for this discussion of the nature of motion to John E. Murdoch 
and Edith D. Sylla, “The Science of Motion,” pp. 213-22. See also the works of An- 
neliese Maier: Zwischen Philosophie und Mechanik, chaps. 1-3; Die Vorläufer 
Galileis im 14. Jabrbundert, 2d ed., chap. 1; and the English translation of the latter 
appearing in Threshold of Exact Science, trans. Sargem, chap. 1. 

17, John E. Murdoch, "The Development of a Critical Temper: New Approaches 
and Modes of Analysis in Fourteenth-Century Philosophy, Science, and Theology,” 
pp. 60—61; Murdoch and Sylla, “Science of Motion,” pp. 216-17; Maier, Threshold 
of Exact Science, pp. 30-31. 

18. Murdoch and Sylla, “Science of Motion,” pp. 217-18; Maier, Threshold of 
Exact Science, pp. 33-38; Maier, Zwischen Philosophie und Mechanik, pp. 121-31. 

19. Marshall Clagett, The Science of Mechanics in the Middle Ages, pp. 163-86. 

20. On Gerard, see ibid., pp. 184-97; Clagett, “The Liber de motu of Gerard of 
Brussels and the Origins of Kinematics in the West”; Murdoch and Sylla, “Science 
of Motion,” pp. 222~23; and Wilbur R. Knorr, “John of Tynemouth alias John of 
London: Emerging Portrait of a Singular Medieval Mathematician,” pp. 312~22. 

21. But velocity was treated as a scalar rather than a vector quantity. That is, it had 
magnitude, but was indifferent as to direction. 

22. Clagett, Science of Mechanics, chap. 4. 

23. We will not delve into the related medieval problem of explaining in physi- 
cal terms how intensification and remission occur. The two principal theories were 
an addition and subtraction theory, according to which a form is intensified by 
addition of a new part of form, remitted by subtraction of a part of the original 
form; and a replacement theory, according to which the original form is annihi- 
lated and replaced by a new form of greater or lesser intensity. On this problem, 
see Edith D. Sylla, “Medieval Concepts of the Latitude of Forms: The Oxford Cal- 
culators,” pp. 230-33, Murdoch and Sylla, “Science of Motion,” pp. 231-33. On 
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the intensification and remission of qualities in general, see also Clagett, Science 

Mechanics, pp. 205-6, 212-15; Murdoch and Sylla, “Science of Motion,” 
pp: 233-37, i À 

24. This notion goes back at least to Galen; see Marshall Clagen, Giovanni Mar- 
liani and Late Medieval Physics, pp. 34-36. 

25, Clagett, Science of Mechanics, pp. 212-13. 

26. If the equality of the triangle and the rectangle is not evident by inspection, 
draw a diagonal line from B to D, thus dividing recangle BCDE into two equal 
triangles. Note then that both rectangle ACDF and triangle ACG have been sub- 
divided into small, equal triangles—four in each case. 

27. On the geometrical representation of qualities, see Marshall Clagett, Nicole 
Oresme and the Medieval Geometry of Qualities and Motions, pp. 50-121; Clagett, 
Science of Mechanics, chap. 6; Murdoch and Sylla, “Science of Motion,” pp. 237-41. 
On the Merton Rule, see Clagett, Science of Mechanics, chap. 5. 

28. On Galileo's relationship to the medieval mechanical tradition, see below, 
chap. 14, n. 36. 

29. On this exceedingly technical question, see Richard Sorabji, Matter, Space, 
anil Motion: Theories in Antiquity and Their Sequel, chap. 13; James A. Weisheipl, 
Nature and Motion in the Middle Ages, chaps. 4-5 (p. 92 for the quoted words). 
For the Aristotelian texts, see Aristotle’s Physics, 11.1, VI1.1, and VHI.4. 

30. On Philoponus, see Clagett, Science of Mechanics, pp. 508—10. For more re- 
cent studies, which do full justice to the radical Neoplatonic character of Phi- 
Joponus's attack on Aristotelian dynamics, see Michael Wolff, “Philoponus and the 
Rise of Preclassical Dynamics”; and Sorabji, Matter, Space, and Motion, chap. 14. 

31. For the latest word on this subject, see Fritz Zimmermann, “Philoponus’ Im- 
petus Theory in the Arabic Tradition”; and Sorabji, Matter, Space, and Motion, 
pp. 237-38. See also Clagett, Science of Mechanics, pp. 510-17. 

32. On impetus theory, see Clagett, Science of Mechanics, pp. 521-25 (quotation 
from p. 524); Anneliese Maier, “Die naturphilosophische Bedeutung der scholas- 
tischen Impetustheorie,” translated as "The Significance of the Theory of Impetus 
for Scholastic Natural Philosophy,” in Maier, Or: the Threshold of Exact Science, 
pp. 76-102. Unknown to Buridan, Philoponus had anticipated his suggestion that 
impetus or impressed force could be used to explain celestial motion; see Sorabji, 
Matter, Space, and Motion, p. 237. 

33. In an infinitely swift motion, no time would be required for the moving 
body to pass from one point to another. It follows that the body would be at both 
points simultaneously, and that is a physical impossibility. 

34, Morris R Cohen and I. E. Drabkin, A Source Book in Greek Science, p. 220, 
with several changes. See also Clagett, Science of Mechanics, pp. 433-35, 546-47. 

35. The classic analyses of Bradwardine and his predecessors, still useful, are by 
Maier, Die Vorläufer Galileis, pp. 81-110 (partially translated in Maier’s Or the 
Threshold of Exact Science, pp. 61-75); and Ernest A. Moody, “Galileo and Avem- 
pace: The Dynamics of the Leaning Tower Experiment.” For somewhat more re- 
cent scholarship, see Clagett, Science of Mechanics, chap. 7; and Thomas of 
Bradwardine, His ‘Tractatus de Proportionibus’': its Significance for the Develop- 
ment of Mathematical Physics, ed, and trans, H. Lamar Crosby, Jr. 

36. A. G. Molland, “The Geometrical Background to the ‘Merton School’,” esp. 
Pp. 116-21 (p. 120, for the quotation); Murdoch and Sylla, “Science of Motion,” 
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pp. 225-26; Edith D. Sylla, “Compounding Ratios: Bradwardine, Oresme, and the 
first edition of Newton's Principia.” 

37. Murdoch and Sylla, “Science of Motion,” pp. 227-30; Clagett, Marliani, 
chap. 6; Clagett, Science of Mechanics, p. 443. On Swineshead’s work, see John £, 
Murdoch and Edith D. Sylla, “Swineshead, Richard,” Dictionary of Sci 
Biography, 13 184-213. On Oresme, see Nicole Oresme, “De proportionibus pro. 
portionum” and "Ad pauca respicientes,” ed. and trans. Edward Grant. 

38. On medieval optics in general, see David C. Lindberg, Theories of Vision 
from al-Kindt to Kepler; Lindberg, “The Science of Optics”; Lindberg, “Opties, 
Western European,” Dictionary of the Middle Ages, 9:247—53; the papers collected 
in Lindberg's Studies in the History of Medieval Optics; the optical papers contained 
in Bruce $. Eastwood, Astronomy and Optics from Pliny to Descartes; and A, Mark 
Smith, “Getting the Big Picture in Perspectivist Optics.” 

39. It could be convincingly argued that extramission of rays was a necessary 
feature of mathematical theories of vision, for it was the conical emanation of rays 
from the eye that defined the visual cone, which in turn made the mathematical 
analysis of vision possible. 

40. See Aristotle's Meteorology, 111.4—5; Lindberg, Theories of Vision, p. 217, 
n. 39. 

41. On Alhazen’s optical achievement, see the definitive translation and com- 
mentary by A I. Sabra, ed. and trans., The Optics of fbn al-Haytham: Books 1-H, 
On Direct Vision. For shorter accounts, see Sabra, “Ibn al-Haytham,” Dictionary of 
Scientific Biography, 6:189-210, Sabra, “Form in Ibn al-Haytham’s Theory of Vi- 
sion”; and Lindberg, Theories of Vision, chap. 4. 

42, Above, chap. 5. 

43. On the Western reception of Greek and Islamic optics, see (in addition to 
sources already cited) David C. Lindberg, “Roger Bacon and the Origins of Perspec- 
tiva in the West.” 

44, On Bacon’s optics, see David C. Lindberg, ed. and trans., Roger Bacon's Phi- 
losophy of Nature: A Critical Edition, with English Translation, Introduction, and 
Notes, of “De multiplicatione specierum” and “De speculis comburentibus”; Lind- 
berg, Theories of Vision, chap. 6, and Lindberg, “Bacon and the Origins of 
Perspectiva". 

45. On Bacon’s Neoplatonism, see David C. Lindberg, “The Genesis of Kepler's 
Theory of Light: Light Metaphysics from Plotinus to Kepler,” pp. 12-23; Lindberg, 
Bacon's Philosophy of Nature, pp. liii—lxxi. 

46. Lindberg, Theories of Vision, chap. 9; Katherine H, Tachau, Vision and Ger- 
titude in the Age of Ockham: Optics, Epistemology and the Foundations of Seman- 
tics, 1250-1345. Pecham’s Perspectiva communis is available in David C. Lindberg, 
ed. and trans., Jobn Pecham and the Science of Optics. A project 1o translate Witelo's 
massive Perspectiva is under way. Two volumes have been published: Sabetai Un- 
guru, ed. and trans., Witelonis Perspectivae liber primus; and A. Mark Smith, ed. and 
trans., Witelonis Perspective liber quintus. 


CHAPTER THIRTEEN 


1. For the basic framework of this chapter, I am indebted to Nancy G. Siraisi, 
Medieval and Early Renaissance Medicine: An Introduction to Knowledge and 
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practice; Michael McVaugh, “Medicine, History of,” Dictionary of the Middle Ages, 
g:247-54; and the general tutelage of my colleague Faye Gewz. The reader may also 
wish to consult Charles H. Talbot, “Medicine,” in David C. Lindberg, ed., Science in 
the Middle Ages, pp. 391—428; and Talbot, Medicine in Medieval England. For a 
useful review of recent literature on medieval medicine, see Getz, “Western Medi- 
eval Medicine.” For an excellent set of translated medical texts (selected, anno- 
sated, and in some cases translated by Michael McVaugh), see Edward Grant, ed., A 
Source Book in Medieval Science, pp. 700-808. For medical illustrations, see Loren 
©, MacKinney, Medical Illustrations in Medieval Manuscripts; Peter M. Jones, Medi- 
eval Medical Miniatures; and Marie-José Imbault-Huart, La médecine au moyen 
age à travers les manuscrits de la Bibliothèque Nationale. 

2, On early medieval medicine, see especially John M, Riddle, “Theory and Prac- 
tice in Medieval Medicine”; Henry E. Sigerist, “The Latin Medical Literature of the 
arly Middle Ages”; Linda E. Voigts, “Anglo-Saxon Plant Remedies and the Anglo- 
Saxons”; M. L. Cameron, “The Sources of Medical Knowledge in Anglo-Saxon Eng- 
land”; Siraisi, Medieval and Early Renaissance Medicine, pp. 5-13; and (older but 
still useful) Loren C. MacKinney, Early Medieval Medicine, with Special Reference 
to France and Chartres. 

3. See Isidore of Seville: The Medical Writings, ed. and trans. William D. Sharpe; 
Calsus, De medicina, with an English Translation. 

4, On Dioscorides, see John M. Riddle, Dioscorides on Pharmacy and Medicine; 
Riddle, “Dioscorides.” See the latter, pp. 125-33, on Ev berbis femininis (a work 
not restricted to remedies for feminine ailments). On medical recipes, see also 
Voigts, “Anglo-Saxon Plant Remedies”; Sigerist, “Latin Medical Literature,” pp. 136— 
41; MacKinney, Farly Medieval Medicine, pp. 31-38. 

5. MacKinney, Early Medieval Medicine, pp. 47-49, 61-73. 

6. The relevant passage from Cassiodorus's /nstitutiones is quoted by MacKin- 
ney, Early Medieval Medicine, p.51. On monastic medicine more generally, see 
ibid., pp. 50-58. 

7. See especially Darrel W. Amundsen, “Medicine and Faith in Early Christian- 
ity"; Amundsen and Gary B. Ferngren, “The Early Christian Tradition,” and 
Amundsen, “The Medieval Catholic Tradition,” both in Ronald L. Numbers and Dar- 
rel W. Amundsen, eds., Caring and Curing: Health and Medicine in the Western 
Religious Traditions; and Siraisi, Medieval and Early Renaissance Medicine, 
pp. 7-9. 

a Amundsen, “Medieval Catholic Tradition,” p. 79; Grant, Source Book, 
pp. 773-74. 

9. Quoted by Siraisi, Medieval and Early Renaissance Medicine, p. 14, from Ber- 
nard of Clairvaux, Lesters, no. 388, trans. Bruno Scott James (Chicago: Regnery, 
1953), pp. 458-59. 

10. Amundsen, “Medicine and Faith in Early Christianity,” pp. 333-49 (p. 338 for 
the quotation from Basil), On Tertullian, see De corona, 8, and Ad nationes, 11.5, in 
The Ante-Nicene Fatbers, ed. Alexander Roberts and James Donaldson, rev. by 
A, Cleveland Coxe (Grand Rapids: Eerdmans, 1986), 3:97, 134. See also Siraisi, Me- 
dieval and Early Renaissance Medicine, p. 9. 

11. 1V.31, in Baedae opera historica, trans. J. E. King, 2 vols. (London: 
Heinemann, 1930), 2:191-93. On the cult of saints, see the brilliant study by Peter 
Brown, The Cult of Saints: its Rise and Function in Latin Christianity; also 


400 Notes to Pages 325-32 


Amundsen, “Medieval Catholic Tradition,” pp. 79-82. On miraculous curés, see 
Ronald C. Finucane, Miracles and Pilgrims: Popular Beliefs in Medieval England, 
esp. chaps. 4-5. 

12. On Islamic medicine, see Michael W. Dols, Medieval Islamic Medicine; ton 
Ridwan’s Treatise “On the Prevention of Bodily Iis in Egypt”; Manfred Ullmann, 
dslamic Medicine; Franz Rosenthal, “The Physician in Medieval Muslim Society”, 
articles by Max Meyerhof, collected in his Studies in Medieval Arabic Medicine: 
Theory and Practice; and Siraisi, Medieval and Early Renaissance Medicine 
pp. 11-13. An older reference source, still useful, is Lucien Leclerc, Histoire de Ps 
médecine arabe. 

13. The classic work on Salerno is Pau! Oskar Kristeller, “The School of Salerno; 
lis Development and Its Contribution to the History of Learning.” See also 
McVaugh, “Medicine,” pp. 247—49; and Morris Harold Saffron, Maurus of Salerno: 
Twelfih-century “Optimus Physicus” with bis Commentary on the Prognostics of 
Hippocrates. 

14. Michael McVaugh, “Constantine the African,” Dictionary of Scientific Biogra- 
phy, 3:393-95; McVaugh, “Medicine,” pp. 248-49; above, chap. 9. 

15. Siraisi, Medieval and Early Renaissance Medicine, pp. 17-21; Katharine Park, 
Doctors and Medicine in Early Renaissance Florence, pp. 58-76; Edward J. Kealey, 
Medieval Medicus: A Social History of Anglo-Norman Medicine, chap. 2. To be ‘used 
with caution is Robert S. Gottfried, Doctors and Medicine in Medieval England 
1340—1530. 

16. Park, Doctors and Medicine, pp. 54-58. 

17. On women healers, see Siraisi, Medieval and Early Renaissance Medicine, 
pp. 27, 34, 45—46; John Benton, “Trotula, Women’s Problems, and the Profes- 
sionalization of Medicine in the Middle Ages”; Edward J. Kealey, “England's Earliest 
Women Doctors”; Monica H. Green, “Women's Medical Practice and Medical Care 
in Medieval Europe.” On Jewish practitioners, see Elliot N. Dorff, "The Jewish Tra- 
dition,” in Numbers and Amundsen, Caring and Curing; Luis Garcia Ballester, Lola 
Ferre, and Edward Feliu, “Jewish Appreciation of Fourteenth-Century Scholastic 
Medicine.” 

18. On medicine in the universities, see Siraisi, Medieval and Early Renaissance 
Medicine, chap. 3; McVaugh, “Medicine,” pp. 249-52; Vern L. Bullough, The Devel- 
opment of Medicine as a Profession: The Contribution of the Medieval University to 
Modern Medicine, esp. chap. 3, and Faye M. Getz, “The Faculty of Medicine before 
1500." 

19. McVaugh, “Medicine,” p. 247. 

20. On the curricutum, see Siraisi, Medieval and Early Renaissance Medicine, 
pp. 65-77; Siraisi, Taddeo Alderotti and His Pupils: Two Generations of Italian 
Medical Learning, chaps. 4—5; Siraisi, Avicenna in Renaissance Italy: The “Canon” 
and Medical Teaching in Italian Universities after 1500, chap. 3; Getz, “Faculty of 
Medicine”; and McVaugh, “Medicine,” pp. 248-52. A good idea of the content of 
the Articeila collection can be obtained from the annotated translation of its most 
basic component, the /sagoge of Hunayn ibn Ishaq (Johannitius), contained in 
Grant, Source Book, pp. 705-15. 

21. The numerical data presented here have been drawn from Siraisi, Medieval 
and Early Renaissance Medicine, pp. 63-64. For quantitative data from Oxford, see 
Getz, “Faculty of Medicine.” 
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22, Faye M. Getz, “Charity, Translation, and the Language of Medical Learning in 
Medieval England”; Getz, Healing and Society in Medieval England. 

23. Siraisi, Medieval and Early Renaissance Medicine, pp. 101-6, Grant, Source 
Book, pp. 705-9; L. J. Rather, “The ‘Six Things Non-Natural’: A Note on the Origins 
and Fate of a Doctrine and a Phrase.” 

24. On the treaument of disease, see Siraisi, Medieval and Early Renaissance 
Medicine, chap. 5; Grant, Source Book, pp. 775-91. 

25. On drug therapy, see Siraisi, Medieval and Early Renaissance Medicine, 
pp. 141-49 (p. 148 on the application of pig dung for nose-bleed); Jones, Medieval 
Medical Miniatures, chap. 4. 

26, Translated by Michael McVaugh in Grant, Source Book, p. 788. This list of 
curative properties is followed by the recipe for theriac. On theriac, see also 
McVaugh, “Theriac at Montpellier.” 

27. See, for example, Michael McVaugh, “Arnald of Villanova and Bradwardine’s 
Law"; McVaugh, “Quantified Medical Theory and Practice at Fourteenth-Century 
Montpellier.” Also McVaugh’s introduction to Arnald de Villanova, Opera medica 
omnia, vol. 2: Apborismi de gradibus. 

28. Translated by Michael McVaugh, in Grant, Source Book, p. 749. On uri- 
nalysis, see MacKinney, Medical Mhustrations, pp. 9-14; Jones, Medieval Medical 
Miniatures, pp. 58-60. 

29. Translated by Michael McVaugh in Grant, Source Book, p. 746. On pulse, see 
also MacKinney, Medical Hlustrations, pp. 15—19. 

30. On medical astrology, see Siraisi, A/deroiti, pp. 140-45; Siraisi, Medieval 
and Early Renaissance Medicine, pp. 68, 111-12, 123, 128-29, 134-36, 149-52; 
Jones, Medieval Medical Miniatures, pp. 69-74, 

31. On the black death, see McVaugh, “Medicine,” p. 253; Siraisi, Medieval and 
Early Renaissance Medicine, pp. 128-29; Grant, Source Book, pp. 773-74, For a 
review of some of the recent literature on the black death, as of 1982, see Nancy G. 
Siraisi, introduction to Williman, Daniel, ed., The Black Death: The Impact of the 
Pourteenth-Century Plague, pp. 9-22. 

32. On medieval surgery, see Siraisi, Medieval and Early Renaissance Medicine, 
chap. 6; MacKinney, Medical Illustrations, chap. 8. On Roger Frugard, see Siraisi, 
pp. 162—66; MacKinney, Medical Illustrations, passim (under the name “Rogerius”). 
On Guy de Chauliac, see Vern L, Bullough, “Chauliac, Guy de,” Dictionary of Scien- 
tific Biography, 3:218-19. 

33. On blood-letting, see Linda E. Voigts and Michael R. McVaugh, A Latin Tech- 
nical Phlebotomy and Its Middle English Translation; MacKinney, Medical Hlustra- 
tions, pp. 55-61. 

34. Stupefactives capable of putting the patient to sleep were available, but it is 
not clear how widely they were used; see Linda E. Voigts and Robert P. Hudson, "'A 
drynke that men callen dwale to make a man to slepe whyle men kerven him’: A 
Surgical Anesthetic from Late Medieval England.” For the quoted passage see 
MacKinney, Medical Illustrations, pp. 80-81. 

“35. Vern L. Bullough, “Mondino de’ Luzzi,” Dictionary of Scientific Biography, 
9:467—69; Bullough, Development of Medicine as a Profession, pp. 61-65; Siraisi, 
Medieval and Early Renaissance Medicine, pp. 86-97. 

36. Quoted from Bullough, Development of Medicine as a Profession, p. 64, with 
minor changes. 
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37. On the origins of the hospital in the narrower sense, see especially Timothy 
S. Miller, The Birth of the Hospital in the Byzantine Empire; Miller, “The Knights of 
Saint John and the Hospitals of the Latin West”; Michael W. Dols, “The Origins b 
the Islamic Hospital: Myth and Reality”; and Kealey, Medieval Medicus, chaps. p 

38. Miller, “Knights of Saint John,” pp. 723-25. f 

39. It seems doubtful that the last word has been said on this complex Subject, 
I have followed Dols, “Origins of the Islamic Hospital,” pp. 382-84; and Miller. 
“Knights of Saint John,” pp. 717-23, 726-33. On the Barmak family, see above. 
chap. 8. i 

40. On hospitals in the West, see Talbot, Medicine in Medieval England, chap. 14 
(pp. 177-78 for the quotation). j 

41. For a good introduction to medieval botanical knowledge, herbals in Pare 
ticular, see Jerry Stannard, “Medieval Herbals and Their Development”; Stannard 
“Natural History,” pp. 443-49. 

42. On Albert's botanical knowledge, see Karen Reeds, “Albert on the Natural 
Philosophy of Plant Life”; Jerry Stannard, “Albertus Magnus and Medieval Heth. 
alism.” On Albert's biological studies, see also above, chap. 10. 

43. On medieval zoology, see Stannard, “Natural History,” pp. 432-43. On Al- 
ben's contributions, see Joan Cadden, “Albertus Magnus’ Universal Physiology: the 
Example of Nutrition”; Luke Demaitre and Anthony A. Travill, “Human Embryology 
and Development in the Works of Albertus Magnus”; and Robin S. Oggins, “Alber- 
tus Magnus on Falcons and Hawks.” Selections from Albert's De animalibus appear 
in Albert the Great, Man and the Beasts, De animalibus (books 22-26), trans. 
James J. Scanlan. 

44. Charles Homer Haskins, “Science at the Court of the Emperor Frederick II’; 
and Haskins, “The De arte venandi cum avibus of Frederick IL” 

45. On medieval bestiaries and the Physiologus, see the introduction to Phys- 
fologus, trans. Michael J. Curley, pp. ix-xxxviii; Stannard, “Natural History,” 
pp. 430-43; C. S. Lewis, The Discarded Image, pp. 146—52; and Willene B, Clark 
and Meradith T. McMunn, eds., Beasts and Birds of the Middle Ages. 

46. The Bestiary: A Book of Beasts, wans. T. H. White, p. 84. The examples in this 
paragraph are entirely from the twelfth-century bestiary translated by White. 

47. See the wonderfully illuminating discussion of sixteenth-century zoological 
literature by William B. Ashworth, Jr., “Natural History and the Emblematic World 
View,” pp. 304-6. 


CHAPTER FOURTEEN 


1. For recent discussions of the continuity debate, see David C. Lindberg, “Con- 
ceptions of the Scientific Revolution from Bacon to Butterfield”; Bruce S. Eastwood, 
“On the Continuity of Western Science from the Middle Ages.” See the latter for 
additional bibliography. 

The question of continuity between medieval and early modern science is surely 
a legitimate topic of investigation. But there are two dangers against which the his- 
torian must vigilantly guard, The first is the temptation to grade the ancient and 
medieval scientific tradition on the basis of its resemblance to modern science— 
the criteria of worth thus reducing to the anticipation or approximation of later 
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developments. The second is that interdisciplinary squabbling among historians 
will be allowed to swallow up the serious scholarly issues presented by the conti- 
nuity question—that historians of early science will overstate the ancient and me- 
dieval scientific achievement in order to defend their chosen specialty against 
attempts by practitioners of other specialties to denigrate it by understating its ac- 
complishments. It is likely that the battle lines and argumentative strategies will 
then be determined as much by disciplinary loyalty as by the historical evidence. 

2, Francis Bacon, New Organon, in Works, trans. James Spedding, Robert Ellis, 
and Douglas Heath, new ed., 15 vols. (New York: Hurd & Houghton, 1870-72), 
4:77. Francois Marie Arouet de Voltaire, Works, trans. T. Smollett, T. Francklin, et 
al, 39 vols. (London: J. Newbery et al., 1761-74), 1:82. Marquis de Condorcet, 
Sketch for a Historical Picture of the Progress of the Human Mind, ed. Stuart 
Hampshire, trans. June Barraclough (London: Weidenfeld & Nicolson, 1955), p. 72. 

3, Jacob Burckhardt, The Civilization of the Renaissance in Italy, pp. 371, 182. 
For an analysis of the concept of the Renaissance, see Wallace K. Ferguson, The 
Renaissance in Historical Thought, esp. chaps. 7—8; and Philip Lee Ralph, The Re- 
naissance in Perspective, chap. 1. For the quotations from Burckhardt I am in- 
debred to Edward Rosen, “Renaissance Science as Seen by Burckhardt and His 
Successors,” in Tinsley Hilton, ed., The Renaissance, p. 78. 

4, John Addington Symonds, Renaissance in Italy, part I: The Age of the Despots, 
pp. 13—15 (a passage to which I was led by Ralph, Renaissance in Perspective, p. 6). 

5, Pierre Duhem, Les origines de la statique, vol. 1, p. iv. Duhem further articula- 
ted his view of the medieval contribution to science in his Etudes sur Léonard de 
Vinci and his Le système du monde. On Duhem, see also R. N. D. Martin, “The 
Genesis of a Mediaeval Historian”; Stanley Jaki, Uneasy Genius: The Life and Work 
of Pierre Dubem. 

6. Charles Homer Haskins, Studies in the History of Mediaeval Science; and The 
Renaissance of the Twelfth Century. Lynn Thorndike, A History of Magic and Exper- 
imental Science; and Science and Thought in the Fifteenth Century. 

7. Anneliese Maier, “The Achievements of Late Scholastic Natural Philosophy,” in 
Maier, On the Threshold of Exact Science, pp. 143-70, also Sargent'’s introduction, 
pp. 11-16; and John E. Murdoch and Edith D. Syila, “Anneliese Maier and the His- 
tory of Medieval Science.” A bibliography of Anneliese Maier's publications on me- 
dieval science is contained in Maier's Atsgebendes Mittelalters, 3617-26. A list of 
Marshall Clagett's publications is supplied in an appendix to Edward Grant and 
John E. Murdoch, eds., Mathematics and its Applications to Science and Natural 
Philosophy in the Middle Ages, pp. 325-28. 

8. A. C. Crombie, Augustine to Galileo: The History of Science a.n. 400—1650 
(1952), p. 273. This book went through various revisions—also a change of name, 
when it appeared in 1959 as Medieval and Early Modern Science. For an assess- 
ment of Crombie’s achievement, see Eastwood, “On the Continuity of Western 
Science.” 

9. A. C. Crombie, Robert Grosseteste and the Origins of Experimental Science 
1100-1700, pp. 9-10. 

10. Alexandre Koyré, “The Origins of Modem Science: A New Interpretation,” 
pp. 13-14, 19. 

11. Alexandre Koyré, "Galileo and Plato,” in Koyré's Metaphysics and Measure- 
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ment: Essays in the Scientific Revolution, pp. 20-21. Although written in 1943, ih 
words represented Koyré’s continuing judgment. ae 

12. A Rupert Hall, “On the Historical Singularity of the Scientific i 
the Seventeenth Century,” p. 213; cf. Hall, The Revolution in Sane 500. 
p.3. For earlier statements of Hall's position, see his The Scientific Revolution 
1500—1800, introduction and first four chapters, ge 

13. Ernan McMullin, “Medieval and Modern Science: Continuity or Discon. 
tinuity?" We are speaking here of the s y, rather than the icati cen 
eee peaking theory application, of scien. 

14. Thomas S. Kuhn, The Structure of Scientific Revolutions, Kuhn, “Mathemar- 
cal versus Experimental Traditions in the Development of Physical Science." 

15. The clearest statement of the “Yates thesis” is to be found in Frances A. Yates, 
Giordano Bruno and the Hermetic Tradition; and Yates, "The Hermetic Tradition 
in Renaissance Science.” For analysis and criticism, see Brian P. Copenhaver, “Naty. 
ral Magic, Hermetism, and Occultism in Early Modern Science”; Brian Vickers, ed 
Occult and Scientific Mentalities in the Renaissance; and three volumes of cok 
lected essays by Charles B. Schmitt: Reappraisals in Renaissance Thought; The 
Aristotelian Tradition and Renaissance Universities; and Studies in Renaissance 
Philosophy and Science. The phrase “genuine science” is Yates's, quoted by 
Copenhaver, p. 261. 

16. This point is nicely made by McMullin, “Medieval and Modern Science,” 
pp. 103-4, i 

17. For the latest (but certainly not the last) word on the scientific revolution, 
see the essays contained in David C. Lindberg and Robert $. Westman, eds., Reap- 
praisals of the Scientific Revolution. 

18. On medieval methodology, see Crombie, Grosseteste, esp. chaps. 2-4; 
William A. Wallace, Causality and Scientific Explanation, vol. 1: Medieval and 
Early Classical Science, chaps. 1—4; McMullin, “Medieval and Modern Science”; and 
Eileen Serene, “Demonstrative Science.” 

19. Ernan McMullin, “Conceptions of Science in the Scientific Revolution,” in Re- 
appraisals, ed. Lindberg and Westman, pp. 27-86; McMullin, “Medieval and Mod- 
ern Science,” pp. 108-29. For a social-historical analysis of seventeenth-century 
experimental practice, see also Steven Shapin and Simon Schaffer, Leviathan and 
the Air-Pump: Hobbes, Boyle, and the Experimental Life; Peter Dear, “Jesuit Mathe- 
matical Science and the Reconstitution of Experience in the Early 17th Century.” 

20. See the forceful statement by Anneliese Maier, “The Theory of the Elements 
and the Problem of their Participation in Compounds,” p. 125. 

21. On essential natures, see above, chap. 3. 

22. See Mordechai Feingold, The Mathematicians’ Apprenticeship: Science, Uni- 
versities and Society in England, 1560—1640; John Gascoigne, “A Reappraisal of 
the Role of the Universities in the Scientific Revolution.” 

23. How profoundly it altered the shape of the enterprise is a matter of hot dis- 
pute, There is a very large literature on this subject, ranging from the classic by 
Robert K. Merton, Science, Technology and Society in Seventeenth-Century Eng- 
land, to the recent book by Margaret C. Jacob, The Cultural Meaning of the Scien- 
tific Revolution. See also A. R. Hall, “Merton Revisited or Science and Society in the 
Seventeenth Century,” and the collection of articles in George Basalla, ed., The Rise 
of Modern Science: Internal or External Factors? 
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24. See, for example, Albert Van Helden, The Invention of the Telescope. 

25. On the process of scientific change, see Kuhn, Structure of Scientific 
Revolutions. 

26. This statement requires clarification on two counts. First, reference to a 
synthesis of classical and Christian thought is not meant to suggest that all the prob- 
lems had been solved or that bitter disagreements would not continue to surface. 
‘The synthesis in question was, like Aristotelian philosophy, a living tradition. 
Second, there is no intention here of suggesting that Christianity was a beneficial 
element (or a detrimental one) in the mix, or that the synthesis of classical and 
Christian thought was better (or worse) than some other conceivable synthesis. I 
am simply making the factual claim that medieval scholars did, in fact, produce a 
synthesis of classical and Christian thought and that within the resulting conceptual 
framework natural philosophy was productively pursued for several centuries. 

27. Above, chaps. 10, 11. 

28. Maier, “Theory of the Elements,” esp. pp. 126-34; above, chap. 12. 

29. See above, chap. 11. 

30. See above, chap, 12. 

31, Edward Grant, “Aristotelianism and the Longevity of the Medieval World 
View.” 

32. Alexandre Koyré, From the Closed World to the Infinite Universe, p. 4. Cf. 
Koyré, Galileo Studies, pp. 2-3; Koyré, The Astronomical Revolution, pp. 9—10. 

33. Hall, “Historical Singularity,” pp. 210-11. 

34. See David C. Lindberg, “Continuity and Discontinuity in the History of Op- 
ties: Kepler and the Medieval Tradition,” from which some of this phraseology is 
borrowed. 

35. It may be instructive that the two examples of continuity that I am about to 
discuss are both taken from Kuhn's “classical sciences,” which he considers the 
primary locus of revolutionary change. 

36. The expression v « ı emerges directly from the medieval definition of uni- 
formly accelerated motion, as that motion in which equal increments of velocity 
are acquired in equal units of time. And s « t? follows from a simple extension of 
the medieval theorem that states that the distances traversed in the first and second 
halves of a uniformly accelerated motion are in the ratio of 1:3 (see above, chap. 
14). On Galileo and the medieval mechanical tradition, see Marshall Clagett, The 
Science of Mechanics in the Middle Ages, pp. 251-53, 409-18, 576-82, 666-71; 
Clagett, Nicole Oresme and the Medieval Geometry of Qualities and Motions, 
pp. 71-73, 103-6; Edith D. Sylla, “Galileo and the Oxford Calculatores’; Christo- 
pher Lewis, The Merton Tradition and Kinematics in Late Sixteenth and Early 
Seventeenth Century Italy, pp. 279-83. The claim that Galileo incorporated medi- 
eval terms, concepts, and theories into his mechanics is in no way called into ques- 
tion by controversies over the precise channels by which medieval influence 
reached Galileo, nor by Galilean departures from the medieval tradition. For an 
attempt to separate Galileo from the medieval tradition, see Stillman Drake, “The 
Uniform Motion Equivalent of a Uniformly Accelerated Motion from Rest.” On the 
quest for channels of influence, see Clagett, Oresme and the Medieval Geometry of 
Qualities and Motions, pp. 103—6; Sylla, “Galileo and the Oxford Calculatores”; 
Lewis, Merton Tradition and Kinematics; William A. Wallace, Galileo and His 
Sources: The Heritage of the Collegio Romano in Galileo's Science; and Wallace, 
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Prelude to Galileo: Essays on Medieval and Sixteenth-Ceniury Sources 
Thought. : 
37. On these optical developments, see David C. Lindberg, Theories fee 

from al-Kindi to Kepler, esp. chap. 9; Lindberg, “Laying the Foundatn a aa 
metrical Optics: Maurolico, Kepler, and the Medieval Tradition.” Also bee a 
by Lindberg on radiation through apertures: “The Theory of Pinhole images Boe 
Antiquity to the Thirteenth Century”; “A Reconsideration of Roger Bacon's Thy me 
of Pinhole Images”; and “The Theory of Pinhole Images in the Founeenth Gemuk 
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365; Questions on Aristotle's Physics, 241 

Byzantium, 161, 169 


Cairo, 177, 180 
Calcidius, 148, 193, 197, 245 
Calendar, 156, 159, 184, 211, 226; Babylonian, 
14; Egyptian, 14; Greek, 89 
Callippus of Cyzicus: on planetary motion, 
95 
Cambridge: university of, 297 
Campanus of Novara: on planetary spheres, 
272; on the dimensions of the cosmos, 
252 
Canterbury, archbishop of, 240 
Carolingian Empire, 184-86 
Carthage, 150 
Cartography, 256-58 
Cassiodorus, 156, 158, 318 
Cataracts, 340-41 
Causation: Aristotle's theory of, 52-54, 223; 
divine, 23-27, 29, 31, 39, 40, 42-44, 111, 
113, 115, 119, 231; early Greek conceptions 
of, 24—26; Epicurean theory of, 79; natu- 
ral vs. supernatural, 198, 200; prehistoric 
conceptions of, 7-8; theories of, 223, 237, 
242, 247 
Cautery, 341 
Cave, Plato’s allegory of the, 37 
Celestial equator, 91 
Celestial intelligences, 62, 286 
Celestial movers, 43, 61-62, 237, 241, 251 
Celestial region, 54—55, 61, 82, 162, 247-48, 
250-51, 275; divinity of, 274 
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Celestial spheres, 42-43, 61, 90-91, 246-51, 
264, 266-68, 271; Aristotelian, 95-96; Eu- 
doxan, 92-94; of Callippus, 95 

Celsus, 120, 140; on medicine, 317 

Cerebral palsy, 115 

Change: Aristotle's theory of, $1-52, 290; 
kinds of, 290-91; the problem of, 32-34, 
37, 41, 44, 51-52 

Charlemagne, 185 

Charles the Bald, 186, 188 

Chartres, 194; cathedral school of, 192, 198; 
medical studies at, 330 

Christianity: and education, 149-53; and lit- 
eracy, 150; and the Aristotelian tradition, 
219-21, 224, 226-27, 229, and the classi- 
cal tradition, 150-51, 153, 155-58, 185, 
216-17, 364, 405 n.26; relationship of, to 

science, 149-51, 157, 161, 163-65, 198- 
201, 217, 356-57, 363-64; relationship 
of, to the Aristotelian tradition, 230-34, 
237-38, 240, 247-50 
Chryssipus of Soli, 80 
Cicero, 135-36, 138-40, 147, 189, 193; 
Dream of Scipio, 145; logical works of, 
188; On: Divination, 83; On the Nature of 
the Gods, 197 
Circumference of the earth, 58, 98, 138, 144, 
245, 253 
Clagett, Marshall: on the medieval scientific 
achievement, 357 
Clarembald of Arras, 200 
Cleanthes of Assos, 80 
Climatic zones, 254, 256 
Clovis, 318 
Cnidus, 90 
Cohesion: Stoic explanation of, 81-82 
Cologne: Dominican school at, 228 
Columbus, Christopher, 392.15 
Combination, chemical, 285-86 
Comets, 252; Aristotle on, 67 
Commodus, 125 
Compass, 274 
Complexion, 277, 332-33 
Computus, 159 
Condemnations of 1270 and 1277, 236-41, 
248, 280, 293, 365 
Condorcet, Marquis de, 356 
Conic sections, 89 
Constantine the African, 204, 230, 326-27 
Constantinople, 161, 346 
Continents, 253-55 
Contingency of nature, 243 


Continuity debate, 281-82, 355, 357-63, 
366-68, 402n.1 
Contraries, 56, 224 
Copernicus, Nicolaus, 97, 102-3, 147, 77, 
252, 272, 368 
Cordoba, 180-81, 203 
Corinth, 125, 133 
Cosmogony, 7-9; Homeric, 23; medieval, 
198, 200, 245-61; of Robert Grosseteste, 
224 
Cosmology, 26-27, 36, 97, 252; Aristotelian, 
54—58, 224, 247-49, 251, 258, 275; early 
medieval, 158; Epicurean, 78-80; medi- 
eval, 198, 200; Platonic, 39-42, 197, 
246-47, 275; Pythagorean, 97; relation- 
ship of, to astronomy, 251, 262; Robert 
Grosseteste’s, 246; Stoic, 82-83, 275; 
twelfth-century, 246 
Creation, 198, 219-20, 224, 235, 237, 
246-47, 249 
Creation myths, 9 
Critical days, 339 
Crombie, Alistair: and the continuity debate, 
358; on the medieval scientific achieve- 
ment, 361 
Crusades, 190, 204, 346 
Curriculum: of Greek schools, 71; of medi- 
eval schools, 191-93, 197; of monastic 
schools, 155-56; of medieval universities, 
211-12, 216-18, 222, 241, 364; of Roman 
schools, 151 
Cuthbert, 322 


Damascus, 168 

Dark ages: conception of, 183, 355-57 

Deduction, 50 

Deferent. See Epicycle-on-deferent model of 
planetary motion 

Demetrius Phaleron, 74 

Demiurge, 36, 40, 42-43, 130, 150, 202, 275 

Democritus, 26, 30, 34, 79 

Demonstration: Aristotelian, $0, 361; Euclid- 
ean, 87-88 

Dentistry, 329 

Descartes, René, 361 

Determinism, 237-39, 242, 365; astrol- 
ogical, 202, 227, 276-77, 280; in ancient 
atomism, 31, 79-80, 83; in Aristotle's 
natural philosophy, 220, 239, 365; in Stoic 
philosophy, 83 

Diagnosis (medical), 18, 117, 125-26, 333, 
335-38 


Diet: as a medical therapy, 116 
Digest, 193 
Digestion, 121 
Diopter, 98 
Dioscorides: De materia medica, 318-19, 
323, 334, 348 
Disease: as imbalance, 116, 118, 126, 332-33; 
causes of, 10, 20, 332-33, 339; Eras- 
istratus’ theory of, 122; Galen’s theory of, 
126; Hippocratic theories of, 115-19; 
Plato's theory of, 42; supernatural theo- 
ries of, 10, 18, 20, 111,320 
Dissection: of a pig, 342; human, 120, 126, 
342-45. See also Anatomy, human 
Dogmatists (school of physicians), 124 
Dominican order, 223, 227, 231 
Doxographic tradition, 75, 139, 148 
Duhem, Pierre, 175, 238, 248, 358; on real- 
ism and instrumentalism in astronomy, 
261-62; on the medieval scientific 
achievement, 357 
Dumbleton, John of, 295 
Dura mater, 120 
Dye-making, 290 
Dynamics, 58-61, 301-5, 365, 367; “law” of, 
59-60, 306-7; defined, 295 


Earth: as an element, 31; circumference of, 
58, 98, 138, 144, 245, 253; possible diurnal 
rotation of, 97, 258, 260-61, 365; shape 
of, 27, 42, 58, 145, 158, 245, 253 

Earthquake, 26, 67 

Ebers papyrus, 18 

Ebstorf map, 254 

Eccentric model of planetary motion, 100, 
103 

Eclipses, 26, 58, 98, 144, 158, 270; alleged 
prediction of, by Thales, 27 

Ecliptic, 270; defined, 42,91 

Edessa, 164 

Education: Carolingian, 184-85; Greek, 21, 
25, 35, 47, 69—77, 80, 138; Islamic, 174; 
medieval, 145, 153, 155-58, 184, 191-94, 
197, 206-13, 216- 18, 222-23; monastic, 
153, 155-58, 185, 191-93; Roman, 136, 
151-53. See also Curriculum; Universities 

Edwin Smith papyrus, 18 

Egyptian science, 9, 13-14, 18-19; influence 
of, on Greek science, 20 

Elea, 32, 134 

Elements, 31, 34, 40, 55, 85, 224, 252, 283, 
297; Aristotle's theory of, 55-56, 283; Em- 
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pedocles' theory of, 31; in medical theory, 
332; Plato's theory of, 40, 41; Pythagorean. 
theory of, 31; Stoic theory of, 82; Theo- 
phrastus’ theory of, 75 
Elixir, 288, 290 
Emanation, 224 
Empedocles, 26, 31, 34-35, 40-41; on the 
elements, 283 
Empiricism, 33-35, 38, 50, 53, 64, 66-67, 
79, 118, 243, 334. See aiso Experience; Ex- 
periment, Observation; Sense perception 
Empiricisis (school of physicians), 124 
Empyreum, 250 
Encyclopedias, 138, 140-42, 144-47, 149, 
158-59 
Ennius, 137 
Ephesus, 27, 29-30 
Epicurean tradition, 83, 140 
Epicurus, 73, 79, 150; on cosmology, 80; on 
the aim of natural philosophy, 78; pos- 
sible influence of, on Strato, 77 
Epicycle-on-deferent model of planetary 
motion, 100-3, 251, 264, 266-67, 270-71 
Epidaucus: as center of a healing cult, 
113-14 
Epilepsy, 115 
Epistemology, 44, 220, 362; Aristotle’s, 
50-51; Parmenides’, 33; Plato’s, 37-39; 
Presocratic, 34-35, See also Empiricism; 
Experience; Experiment; Rationalism; 
Sense perception 
Equant model of planetary motion, 102-3, 
271 
Equinoxes, 43, 91 
Erasistratus of Ceos, 120-22, 124-25, 129; 
influence of, on Galen, 127 
Eratosthenes, 98, 144-46 
Eriugena, John Scotus, 186, 197, 205; On Na- 
ture, 188 
Eternity of the universe, 54, 82, 162, 219, 
227, 230, 233-35, 237, 365 
Euclid, 89, 109, 230, 297; Catoptrics, 205; 
Elemenis, 87-88, 149, 169, 205, 216; on 
light and vision, 107, 308, 312-13; Optics, 
105-6, 205, 308 
Euclidean demonstration, 87-88 
Eudoxus, 88, astronomical writings of, 137: 
on the demand for uniform circular mo- 
tion in the heavens, 94; on planetary 
motion, 61, 90-96, 99 
Evaporation, 252 
Ex herbis feminis, 318 


446 Index 


Exhaustion, method of: in Archimedes, 89; 
in Euclid, 88 

Experience, 118, 307. See also Empiricism; 
Epistemology; Experiment; Observation; 
Sense perception 

Experiment, 2, 107-8, 118. 307, 358-59, 
361-62; Aristotle's attitude toward, 53. See 
also Empiricism; Experience; Observa- 
tion; Sense perception 

Experimental science, 226, 243-44 

Eye: anatomy and physiology of, 120, 127, 
308-9, 311 


Faith and reason, 193-97, 221, 227, 231-38, 
241-42. See also Rationalism 
Falconry, 350 
Falling bodies, 52, 162, 304-5, 367; acceler- 
ation of, 303; Aristotle on, 59, 301-2, 
304-5; cause of, 301-2, 305; Strato on the 
acceleration of, 76 
Fallopian tubes, 121 
Farghani, al-, 177, 252, 263; Rudiments of As- 
tronomty, 269 
Fatimids, 180 
Ferrara: university of, 330 
Fever, 122, 126, 333 
Final cause, 62, 79; defined, 53-54; in Aris- 
tade’s biology, 64, 66. See also Teleology 
Fire: as an active element, 82; as an element, 
31, 40, 55; as the underlying reality, 29 
Firmament, 249-50 
Fluxus formae, 292-93 
Force: and motion, 60, 304, 306-7; impetus 
theory of, 303-4; impressed, 302-3; in- 
corporeal motive, 302 
Form: accidental, 283-84, 286, 288; as the 
mover in natural motion, 302; corporeal, 
284, 391 n.5; elemental, 284; intensifica- 
tion and remission of, 296, 335; in the 
heavens, 250; medieval discussions of, 
282-84; Plato's theory of, 36-37; substan- 
tial, 282-83, 285-88, See also Form and 
mater 
Form and mater, 223, 227, 250, 285, 362; 
applied to the soul, 233; Aristotle's theory 
of, 49-51, 64, 65, 282-84, 365; Averroes’ 
theory of, 284; Avicenna’s theory of, 284; 
medieval discussions of, 282-84 
Forma fluens, 292-93 
Four causes: in Aristotle, 53, 64-65 
Fractures, 118; of the skull, 342 
Francis (St.) of Assisi, 222 


Franciscan order, 223-24, 226-27, 240, 
284, 297 

Franciscus de Marchia: on mation, 303 

Frederick I]: Or: the Art of Hunting with 
Birds, 350 

Free will, human, 80 


Gaia, 23-24 
Galen of Pergamum, 125~31, 171, 230, 332, 
364, anatomical writings of, 342; influ- 
ence of, in Islam, 323-24; influence of, 
on medieval medicine, 318; life and edu. 
cation of, 133; medical writings of, 169, 
204-5, 331, 334-35, 344; On Anatomical 
Procedures, 127; on human anatomy, 345; 
on the anaromy and physiology of sight, 
308-10; On the Art of Healing, 126; on 
the importance of anatomical knowledge, 
126, 342; On the Usefulness of the Parts of 
the Body, 130 
Galileo Galilei, 39, 260, 303, 357-58, 361, 
365, 367-68; and the medieval tradition, 
405.36 
Garden of Epicurus, 72-73, 212 
Gassendi, Pierre, 361 
Geber. See Jair ibn Hayyan 
Generation and corruption, 279, 291 
Generation, organic: Aristoue’s theory of, 
65-66 
Genesis, 198, 219, 249, 262 
Geoffrey de Bussero, 348 
Geoffrey Plantagenet, 200 
Geography, 145, 253-58 
Geology, 67 
Geometry: Greek, 86-89 
Gerard of Brussels, 294; Book on Motion, 
295 
Gerard of Cremona, 204-5, 269, 327 
Gerber of Aurillac (Pope Sylvester 11), 188- 
90, 192, 203, 268 
Giles of Corbeil, 335 
Giovanni di Casali, 297 
God or the gods: as causal agent(s), 23-27, 
29, 31, 39-40, 42—44, 111, 113, 115, 119, 
200-1, 227, 231, 237, 239, 243, 246, 286, 
320; as creator and sustainer of the uni- 
verse, 198-99, 362; as planetary deities, 
202, 275, 277; as prime mover, 251; 
equated with nature, 140; existence of, 
proved, 194-95, 233; in Aristode’s 
thought, 62, 66, 220, 251, 275; in Egypt 
and Mesopotamia, 16-18; in Galen’s 


thought, 131; in Plato’s thought, 39-40, 
42-44, 275; in prehistoric cultures, 7-9; 
Olympian, 21, 23~25, 29, 39; Stoic view 
of, 82-83, 140. See also Allah, Demiurge; 
Prime mover 

Goody, Jack, 12 

Grammatical studies, 211 

Greek (language): knowledge of, in Rome, 
134-35, 147; knowledge of, in the Middie 
Ages, 186 

Gregory of Tours: A History of the Franks, 
184 

Gregory the Great, 194-85 

Gregory IX (pope), 217 

Grosseteste, Robert, 224, 226-27, 284, 358; 
cosmology of, 246; on light and vision, 
313; skeleton of, 225 

Guido de Marchia: on planetary spheres, 
272 

Guy de Chauliac: Chirurgia magna, 341, 343 

Gymnastiké, 70 

Gynecology, 329 


Hakam, al-, 180 

Haly Abbas. See ‘Alī ibn ‘Abbas al-Majüsī 

Hall, A. R., 366; on the scientific revolution, 
359 

Handmaiden ideal, 150-51, 161, 180, 184, 
198, 201, 217, 223-24, 226~27, 229, 232- 
34, 240, 3800.27 

Harin ar-Rashid, 168, 346 

Haskins, Charles Homer: on the medieval 
scientific achievement, 357 

Health. See Disease 

Heart, 122, 128-29, 335; anatomy of, 120-21; 
Aristotle’s theory of, 66; as seat of the pas- 
sions, 127; as seat of sensation and emo- 
tion, 66; as vital center of the body, 128 

Heaviness and lightness, 56-57 

Heliocentric astronomy: of Aristarchus of 
Samos, 97 

Hellenistic natural philosophy, 69-83; de- 
fined, 69 

Hellenization: of North Africa, 163; of the 
Middle East, 163-66; of Islam, 168 

Hemorrhoids, 341 

Henry II (king of England), 200 

Hera, 21, 31 

Heraclides of Pontus: on planetary motion, 
97; on the diurnal rotation of the earth, 97 

Heraclitus of Ephesus, 25-26, 29; on change 
and stability, 32 


Herbals, 348-50 
Hermann the Dalmatian, 204 
Hernia, 329, 340-41 
Hero of Alexandria: on mirrors, 107 
Herod the Great, 77 
Herodotus, 13, 26 
Herophilus of Chalcedon, 120-22, 124-25, 
308; influence of, on Galen, 127 
Hesoid, 25, 29; on Greek healing practices, 
111; Theogony, 21, 23, 26; Works and 
Days, 21 
Hexis: Stoic theory of, 82 
Heytesbury, William, 295 
Hipparchus, 144, 146; and observational as- 
tronomy, 98; astronomical writings of, 
137; on astronomy as a quantitative art, 
99; on cosmic dimensions, 97; on the 
length of the lunar month, 99 
Hippocrates of Cos, 113-14. See also Hippo- 
cratic medicine; Hippocratic oath; Hippo- 
cratic writings 
Hippocratic medicine, 113, 115-19 
Hippocratic oath, 115 
Hippocratic writings, 113, 115, 117, 120, 126, 
169, 204, 320, 327, 331-32, 339, 364; avail- 
ability of, in Islam, 323; influence of, on 
Galen, 125; influence of, on medieval 
medicine, 318; Or: Ancient Medicine, 118; 
On the Heart, 128; On the Nature of Man, 
116, 118, 125; On the Sacred Disease, 115, 
118-19 
Hippopede: in Eudoxan planetary theory, 
93-94 
Homer, 25-26, 29; Hiad, 21, Odyssey, 21, 23; 
on Greek healing practices, 111, 113 
Honorius of Autun, 200 
Horace, 193 
Hospitals, 164, 323; medical care in, 347-48; 
origins of, 345-47 
Hospital of Saint John (Jerusalem), 346 
Hospital of the Brolo (Milan), 348 
Hospitallers, 346 
House of Wisdom, 168-69, 263 
Hubaysh, 169 
Hugh of Santalla, 204 
Hugh of St. Victor, 196; Didascalicon, 277 
Humanism, 202 $ 
Humors, four primary, 116, 125, 332 
Hunayn ibn Ishaq (Johannitius), 169, 263, 
323, 331; Book of the Ten Treatises of the 
Eye, 170; medical writings of, 327; on the 
anatomy and physiology of the eye, 312 
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Aylé, 3720.4 
Hylomorphism, 3720.4 


{bn al-Haytham (Alhazen), 175, 177, 179-80; 
influence of, on Western optics, 313; on 
light and vision, 309-13, 315; on plane- 
tary spheres, 264, 266-67; 272; on the 
equant, 264; Optics, 216 

Tbn ash-Shaqir, 178 

Ibn Bajja (Avempace): as critic of Ptolemaic 
planetary models; 267; on motion, 305 

Ibn Masawaih, 169 

Ibn Rushd (Averroes), 220, 230, 284; Aristo- 
telian commentaries of, 206, 218-19, 241; 
as a critic of Ptolemaic planetary models, 
267, 271; cosmology of, 251; medical writ- 
ings of, 342; on chemical combination, 
286; on light and vision, 312; on motion, 
292, 302, 305-6 

Ibn Sind (Avicenna), 230, 284; Aristotelian 
commentaries of, 206, 216, 218; Canon of 
Medicine, 205, 216, 325, 327,. 335; medi- 
cal writings of, 331, 334, 342; on alchemy, 
288; on chemical combination, 286; on 
light and vision, 312; on motion, 292, 302; 
Physics (Sufficientia), 219; zoological writ- 
ings of, 350 

Ibn Tufayl: as a critic of Prolemaic planetary 
models, 267 

Immoruality (of the human soul), 220-21, 
227, 231-32, 234, 237 

Impetus, 251, 303-4 

Incommensurability: of the side and diago- 
nal of a square, 87 

Induction, 50 

Inertia, 39, 304 

Instruments, scientific, 362. See also Astro- 
labe; Diopter; Quadrant 

Ionia, 27 

Ishaq ibn Hunayn, 169 

Isidore of Seville, 159, 185, 255; Ety- 
mologies, 158, 184, 254; on astronomy, 

268; on medicine, 317; On the Nature of 

Things, 158, 184 

Islam, 165; and the classical tradition, 
170-71, 173-76; origins of, 166, 168; rela- 
tionship of, to sclence, 171, 173-75, 180-82 
Fus ubique docendi (right of teaching any- 
where), 212 


Johannes of Sacrobosco (John of 
Holywood): The Sphere, 262, 270 

Johannitius. See Hunayn ibn Ishaq 

John of Seville, 204, 269 

John Philoponus. See Philoponus, John 

John XXII (pope), 241 

Joseph the Spaniard, 189 

Julius Caesar, 133 

Jundishapur, 164-65, 168 

Jarjis ibn Bakhsh, 168 

Justinian, 73, 164 


Kepler, Johannes, 177, 368; on vision, 315 

Khusraw I, 164 

Khusraw II, 164 

Khwarizmi, al-, 268; Algebra, 205, 216 

Kidney stones, 329 

Kilwardby, Robert, 240, 251 

Kindi, al-, 176, 230; on light and vision, 310, 
312 

Kinematics, 296-301, 365, 367-68; defined, 
295 

Knowledge: prehistoric conceptions of, 
10-11. See also Epistemology 

Koran, 166, 173 

Koyré, Alexandre, 366; and the continuity 
debate, 358-59, 361 

Kuba (African tribe), 8, 10 

Kuhn, Thomas, 366; on the scientific revolu- 
tion, 359 


Laon: cathedral school of, 192, 195 

Law, natural, 7, 200; Stoics on, 80 

Legal studies, 193, 206, 209, 211, 241 

Lesbos, 62, 74 

Leucippus, 26, 30, 34 

Lever, law of, 109-10 

Liberal arts, 138, 149, 156, 158, 188, 192, 206, 
209, 211, 227 

Library of Alexandria, 74, 98-99 

Light: Aristotle's theory of, 68; Greek theo- 
ries of, 308-9; in Robert Grosseteste’s 
cosmology, 246; Islamic theories of, 
309-11; mathematical theories of, 106-8; 
radiation of, as a coherent process, 
309-10; radiation of, as an incoherent 
process, 310; reflection of, 106-7; refrac- 
don of, 106-8; Strato’s theory of, 77; 
Theophrastus’ theory of, 75; theories of, 
in medieval Europe, 313, 315 


Logic, 33, 184-85, 188, 191, 193, 211-12, 223, 
230; origins of, 26, 35 

Lombard, Peter: Sentences, 262 

Love and strife: as cosmological principles, 
31, 34 

Lucan, 193 

Lucretius, 79, 158; On the Nature of Things, 
138, 140 

Lungs: Aristotle's theory of, 66; Galen's the- 
ory of, 128 

Lupitus, 189 

Lyceum (Aristotle's), 47, 72-75, 77, 212 


Macrobius, 143, 193; Commentary on the 
Dream of Scipio, 145, 197 

Madrasahs, 174 

Magic, 8, 20, 360; and medicine, 115 

Magnetism, 274 

Maier, Anneliese: on the medieval scientific 
achievement, 357-58 

Ma’miin, al-, 168-69, 177 

Manicheism, 163 

Mansfir, al-, 168 

Mansir ibn Ishq, 327 

Mappaemundi, 255, 353 

Maps, 254-58. See also Geography 

Marcus Aurelius, 74, 125, 148 

Marginality thesis, 173-74 

Mark of Toledo, 204 

Martianus Capella, 158, 193; on astronomy, 
268; The Marriage of Philology and Mer- 
cury, 145-47, 152, 188, 197 

Materialism, 29-31; of Epicureans, 80; of 
Stoics, 80-81 

Mathematics: applicability of, ro nature, 32, 
40-41, 60, 85-86, 110, 202-3, 294-301, 
304-7, 361-62, 365, 368, 3711.15; Babylo- 
nian, 13-16; early medieval, 189-90; 
Egyptian, 13-14; Greek, 86-89; origins 
of, 13; relationship of, to astronomy, 94— 
95, 104, 261; relationship of, to physics, 
94—96, 104, 262 

Matter: primary, 283-84, 287-88. See aiso 
Form and mater 

MeMullin, Ernan: and the continuity debate, 
359 

Mean-speed theorem, 300 

Mecca, 166 

Mechanical philosophy, 362 

Mechanism, 31, 79, 81, 83 
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of, 329, 332; types of, 111, 113, 115, 118, 
317-18, 325, 327; women as, 325, 329 
Medical schools: Bologna, 330, 332, 341-42; 
Ferrara, 330; Montpellier, 330, 3: xe 
Ford, 330 Padua, 330; Paris, 330; Tübingen, 
332; Turin, 332 
Medical studies, 206, 209, 211-12, 241 
Medicine: as a school subject, 325-26, 330; 
as a craft, 317; Byzantine, 162; clerical, 329; 
domestic, 9, 327; early medieval, 317-25; 
Egyptian, 18; Greek, 111-31, 317,320-21, 
345; in prehistoric cultures, 9— 10; in the 
universities, 327, 329-32; Islamic, 171, 
323-25, 341-42; learned, 115, 118-19, 317, 
329-30, 332; medieval European, 317-23, 
325-48; Mesopotamian, 20; monastic, 318, 
320-23, 325, 346; origins of, 9-10; pre- 
ventive, 333; relationship of, to astrology, 
279-80; relationship of, to philosophy, 
415, 124-25, 131, 317, 324, 326-27, 330- 
31; relationship of, to religion, 18, 20, 113, 
115-16, 119, 131, 320-23; Roman, 124— 
31, 31718, 320-21; specialization within, 
10. See also Disease 
Mendicants, 223 
Menstrual blood: in Aristotle’s theory of 
generation, 65 
Mercury: sun-linked motion of, 91, 97, 144, 
147, 268 
Merton College (Oxford), 210, 295-96, 299, 
305 
Merton rule, 299-301, 368 
Mesopotamian science, 13-18, 20; influence 
of, on Greek science, 20, 98-99 
Metallurgy, 290 
Meuals, 288 
Metaphysics, 361-62. 366-68. See also Un- 
derlying reality 
Meteorology, 224, 252-53, 283: Aristotle on, 
67 
Methodists (school of physicians), 124 
Meton, 89 
Metonic cycle, 89 
Microcosm/macrocosm, 140, 202, 246, 275 
Middle (or mixed) sciences, 86 
Middle Ages: defined, 183 
Midwifery, 118, 317-18, 327 
Miletus, 27, 29 
Mineralogy, 75 
Minima naturalia, 286-87 
Miracle, 113, 198, 200-1, 220, 234-35, 239, 


Jabir ibn Hayyan (Geber), 288 
James of Venice, 205 


Lindisfarne, 322 
Liver, 127, 335 


Mechanization: in physiology, 129 


Medical practitioners: Jewish, 329; numbers 242-43, 320-23 
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Mirrors, 107 

Mixture (mixtum), 285-86, 288 

Momentum, 304 

Monasticism, 153-58, 191 

Mondino dei Luzzi, 342; Anatomia, 343 

Mongols, 181 

Monism, 29-31 

Monophysites, 163-64 

Monopsychism, 221, 227, 233-34, 237 

Monte Cassino, 153, 204, 231, 318, 326 

Montpellier: medical school at, 330; univer- 
Sity of, 341 

Moon: distance of, from earth, 97-98; na- 
ture of, 54 

Morphé, 3720.4 

Motion: Aristotle's theory of, 56, 58-60, 
301-2, 365; as a quality, 293, 296; celes- 
tial, 303; defined, 291; forced, 58-59, 62, 
301-4; geometrical representation of, 
296-99; in the mechanical philosophy, 
362; infinitely swift, 305; mathematical 
analysis of, 294-301, 304-7; natural, 
58-59, 62, 301-2; nature of, 240, 292-93; 
Projectile, 59, 162, 302—4; quantity of, 
299; Strata's theory of, 76; uniform, 294, 
298, 300; uniformly accelerared, 295, 
299-301. See also Dynamics; Kinematics 

Mousikēë, 70 

Mover: identification of, in natural motion, 
302; identification of, in projectile mo- 
tion, 302-4; necessity of, in all cases of 
motion, 58-59, 301 

Mozarabs, 204 

Mu‘awiyah, 166 

Muhammad, 166, 173 

Mumps, 117 

Misa, sons of, 169 

Museum of Alexandria, 74, 99 

Muwaggit, 174 

Mythology: Greek, 21-25 


Naples: university of, 231 

Natural history, 212, 230, 348-53, 368; Aris- 
totle on, 63-64 

Natural philosophy: defined, 3-4; relation- 
ship of, to ethics, 78, 80, See also Science 

Natural place: Aristotle's doctrine of, 57-58 

Natural spirit, 3790.22 

Natural theology, 130 

Naturalism, 27, 39, 198, 200-2, 219, 221, 227, 
231, 235, 237, 246; in medicine, 116, 118, 
320 


Nature (physis), 39, 40, 45, 224, 281-82; Ar- 
istode on, 52-53; prehistoric anitudes 
toward, 4—11 

Neleus, 76 

Neoplatonism. See Platonic tradition 

Nerves, 121-22, 127, 129; anatomy of, 120 

Nestorians, 163-65, 168-69 

Newton, Isaac, 4, 361 

Nicholas of Damascus, 77; On Plants, 
349-50 

Nicolaus Bertrucius, 343-44 

Nisibis, 164-65 

Noah, 255 

Noah's flood, 231, 234 

Non-naturals, 333 

North Africa, 163 

Nose-bleed, 334 

Number: as the ultimate reality, 31-32; 
theological uses of, 203; theory of, 146, 
203 

Number systems, 14-16 

Nutrition, 122, 127, 129 


Observation, 282. See also Empiricism; Ex- 
perience; Experiment; Sense perception 

Obstetrics, 121, 328-29 

Ockham, William of: on motion, 292-93; on 
the relationship between philosophy and 
theology, 242 

n 23 

Old Testament, 169 

Omnipotence (divine), 220, 237-39, 242- 
44, 260, 293, 323 

Optics, 368; as an instrument of conversion, 
226; Greek, 105-8, 307-9; Islamic, 177, 
179-80, 308-12; medieval European, 
312-15; of Aristoule, 67-68. See also 
Light; Vision 

Oral culture, 5-12 

Order: in the animal and human frame, 
130-31; in the cosmos, 39-40, 42-44, 63; 
source of, for Plato, 39-40; source of, for 
the Stoics, 81 

Oresme, Nicole, 239, 241, 248, 258-61, 367; 
on astrology, 280; on motion, 297-300, 
307; on the possible rotation of the earth, 
365 

Oribasius, 318 

Orleans: cathedral school of, 192 

Ono the Great, 203 

Otto IH, 188-89 

Ovaries, 121 


Ovid, 193 

Oxford: as an educational center, 193, 206; 
university of, 208-10, 216-17, 224, 226, 
295, 330, 367. See also Merton College 


Padua: university of, 228, 330 

Paideia, 70 

Pantheism, 216, 218 

Pantokrator hospital (Constantinople), 346 

Parallax, 252, 376n.16; solar, 98; stellar, 97 

Paris: as an educational center, 206; cathe- 
drai school of, 192, 195, 198; university of, 
208-9, 216-18, 223, 226-28, 231, 235, 
240-41, 294, 297, 330, 367 

Paramenides, 34-35: on change and sta- 
bility, 32-33, 51 

Parthenon, 72 

Patronage, 136 

Pecham, John, 240; on light and vision, 
313-15 

Pergamum, 27, 125 

Peripatetics: defined, 73 

Periplus, 254 

Perspectiva: defined, 307 

Perspective: visual, 105-6, 307-8 

Peter Abelard. See Abelard, Peter 

Peter Lombard. See Lombard, Peter 

Peuerbach, Georg: on planetary spheres, 
272 

Phaedrus, 139 

Pharmacology, 18, 113, 129, 318, 329, 
333-35, 339, 348-49 

Philinus of Cos, 122 

Philo of Larissa, 139 

Philoponus, John, 77, 162; on motion, 
302-3; 305-6 

Philosopher's stone, 288 

Philosophy: origins of, 25-27 

Philosophy of nature. See Science 

Physicians. See Medical practitioners 

Physiologus, 351 

Physiology: animal, 64; human, 119, 121-22, 
124, 127-29 

Physis, 82, 281. See also Nature 

Pia mater, 120 

Place; Aristoule’s doctrine of, 58, 249; medi- 
eval discussions of, 249, 293; 365; Strato 
on, 76 

Plague, 111, 280, 320, 339 

Planets: Aristotle on the motion of, 61; 
Mesopotamian knowledge of, 17; motion 
of, 91-92, 95-104, 267, 270~71; nature of, 
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250; Plato on the motion of, 42; retro- 
grade motion of, 91, 94. See also Cosmol- 
ogy; Astronomy 

Plants, 318 

Plato, 31, 35-44, 67, 71, 73, 80, 150, 198, 230; 
and the theory of forms, 36-39, 48; cos- 
mology of, 39; geometrical atomism of, 
85; influence of, 77, 125, 127, 130; on 
change and stability, 37, 51; on light and 
vision, 105, 313; on planetary motion, 
90-91; on the applicability of mathe- 
matics to nature, 86, 294; on the ele- 
ments, 283; on the requirement of 
uniform circular motion in the heavens, 
92-93; on the three faculties of the soul, 
127; Phaedo, 38-39; Republic, 35-38; 
Timaeus, 39, 42, 105, 130, 136, 138, 147- 
49, 169, 193, 197, 201- 2, 215, 245, 251, 275. 
See also Platonic tradition 

Plato of Tivoli, 204 

Plaronic solids, 41, 88 

Platonic tradition, 73, 77, 127, 130, 136, 
138-39, 145, 150, 162, 171, 185, 188, 197, 
200, 202, 205, 216, 218, 224, 227, 229, 
245-46, 277, 284, 302, 313, 3790.9 

Pliny the Elder, 142, 146, 159; Natural His- 
tory, 141, 144, 189, 254; on astronomy, 268; 
on medicine, 317 

Pneuma, 81-82, 120-22, 127, 129, 3790.22 

Pneumaitists (school of physicians), 124 

Popularization of science, 136-38, 139-41, 
144-47, 149, 158-59 

Porphyry, 165; fntrodtiction to Aristotle's 
Logic, 149; logical works of, 188 

Portolan chars, 256-57 

Poseidon, 21, 23, 26 

Posidonius, 138-40 

Potentiality. See Actualiry and potentiality 

Praxagoras of Cos, 120 

Prehistoric attitudes toward nature, 4-11 

Prime mover, 66, 220, 251. See also Un- 
moved mover 

Primitive mentality, 10 

Primum mobile, 249, 267 

Printing: influence of, on anatomical knowl- 
edge, 345 

Privation, 51 

Profatius Judaeus, 269 

Prognosis (medical), 117, 125 

Proportion: theory of, 146 

Providence (divine), 79, 83, 220, 227, 237, 
323 i 
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Pseudo-Apuleius: Herbal, 349 

Pseudo-Aristotle: Mechanical Problems, 109, 
On Plants, 349-50 

Pseudo-Dionysius, 188 

Psycbé: as source of order for Plato, 40; 
Stoic theory of, 82 

Psychology, 212, 220, 224 

Prolemaic dynasty, 74 

Ptolemy, Claudius, 99, 146, 368; Almagest 
(Mathematical Syntaxis), 104, 169, 177, 
204-5, 211, 216, 252, 262-64, 269, 272; 
Geography, 138, 258; on light and vision, 
107-8, 308-9, 312; Optics, 106; Tetra- 
biblos, 275-76, 279; Planetary Hypotheses, 
104, 262, 264; planetary models of, 98- 
104, 262, 271 

Pulse: as a diagnostic tool, 120-21, 126, 331, 
335, 337-38 

Purging: as a medical therapy, 116 

Pythagoras, 13, 25. See also Pythagoreans 

Pythagoreans, 31-32, 35, 41, 87, 134, 371n.15; 
on planetary theory, 97; on the applica- 
tion of mathematics to nature, 294; on the 
ultimare reality, 85 


Quadrant (astronomical), 177, 264, 269 

Quadrivium, 156, 187, 190-91, 211, 268; de- 
fined, 138 

Qualities: intensification and remission of, 
296; intensity of, 296-98; quantity of, 296; 
secondary, 362; the four primary, 55-56, 
116, 118, 126, 283-84, 288, 332, 334 

Quintessence, 55, 61, 246, 250 

Quintilian, 193 


Rain, 143, 252 

Rainbow: Aristotle's theory of, 67, 309; me- 
dieval theories of, 252-53 

Rationalism, 33-34, 37-38, 79, 202, 219, 
221, 231, 235, 237; in theology, 193-97. 
See also Faith and reason 

Rationalists (school of physicians), 124 

Ratios, 306-7 

Raymond of Marseilles, 268 

Ravi, al- (Rhazes); Almansor, 325, 327; Book 
Of the Secret of Secrets, 288; medical writ- 
ings of, 331, 342 

Reason and revelation. See Faith and reason; 
Rationalism 

Reflection of light, 106-7; in the rainbow, 
253 

Refraction of light, 106-8, 311, 3771.25; in 


the rainbow, 253; law of, 108; within the 
eye, 311 

Regimen, 116, 333 

Regiomontanus, Johannes, 272 

Regular geometrical solids, 40-41, 88 

Reichenau, 190, 318 

Reims, 188 

Religion. See Islam; Christianity 

Renaissance, 359, 360; conception of, 356 

Resistance: in motion, 304-7 

Respiration, 121, 128 

Rete mirabile, 127, 129 

Retinal image, theory of, 368 

Retrograde motion: of the planets, 101, 144, 
147, 268, 270 

Rhazes. See Razi, al- 

Rhodes, 138 

Richard of Middleton, 284 

Ripoll, 189-90 

Robert de Courgon, 217 

Robert of Chester, 204, 268 

Roger Frugard; Surgery, 341 

Roman science, 124-31, 133-51, 317-18, 
320-21; relationship of, to Greek science, 
133-36, 147-49 

Rome, 133 

Russell, Bertrand, 2 


Saints, cult of, 320-21 

Salerno: as a medical center, 325-26, 
329-30, 342 

Sampson hospital (Constantinople), 346 

Schools: Athenian, 72-73, 75-77, 80; Car- 
olingian, 184-85; cathedral, 185, 191-93; 
episcopal, 184: Greek, 70-73, 75-77, 138; 
Islamic, 174; medieval, 145, 155, 158, 184, 
191-93, 197; monastic, 155-56, 158, 185, 
191-92; Roman, 151-53. See also Curricu- 
lum; Education; Universities 

Science: Byzantine, 161-62; defined, 1-4, 
45; eastward diffusion of, 163-66; Islamic, 
170-82, 188-90; place of, in Roman cul- 
ture, 137 

Scientific method, 361-62, 366-68., See 
also Demonstration; Empiricism; Experi- 
ence; Experiment; Observation; Ration- 
alism; Sense perception 

Scientific revolution (of the 16th and 17th 
centuries), 358-63, 366-68 

Scotus, John Duns, 242, 284 

Scriptoria, 155-56 

Seasons, 275, 277 


Secondary qualities, 34, 79 

Semen: in Aristotle's theory of generation, 
65 

Seminal causes, 198 

Seneca, 140, 193, 258; Natural Questions, 
197 

Sense perception, 224. See also Empiricism; 
Experience; Experiment, Observation 

Septimius Severus, 125 

Seville, 181 

Sexagesimal numbers, 14-16 

Siger of Brabant, 234-37 

Simplicius, 77, 162 

Simulacrum, 308 

Skeletal system, 127 

Skepticism, 139, 242 

Smyma, 27, 125 

Socrates, 35, 71 

Solstices, 43, 91 

Sophists: educational program of, 71 

Soranus, 318 

Soul: Albert the Great's theory of, 230-31; 
Aquinas's theory of, 233; Aristotle’s theory 
of, 65, 68, 220, 224, 231, 365; as the form 
of the body, 220; Avicenna’s theory of, 
231; of the world, 42, 82, 246; Plato's the- 
ory of, 231; Siger of Brabant's theory of, 
234; Stoic theory of, 82 

Spain, 188; Christian reconquest of, 181 

Sphericity of the earth, 42, 58, 145, 158, 245, 
253 

St. Gall, 318 

Stagira, 47 

Surs, 98 

Stereographic projection, 264, 266 

Sioa poikilé, 72, 73, 80, 212 

Stoic tradition, 83, 125, 130, 138-40, 150, 
197-98, 245, 248, 250, 275 

Stoics, 80-83; influence of, 83, 125.130, 248; 
on cohesion, 81; on conflagration and re- 
generation of the cosmos, 82-83, 140; on 
the continuity of matter, 81; on cosmology, 
82-83; on divinity, 81, on pneuma, 81; on 
the soul, 82; on void space, 81 

Strabo, 76 

Strato of Lampsacus, 74, 76, 121; as head of 
the Lyceum, 76; corpuscularianism of, 77; 
on heavy and light bodies, 76; on light, 
77; on motion, 76; on place and space, 76; 
on the acceleration of falling bodies, 76; 
on void, 77 

Substance, 49, 282-83, 285 


Sulla, 74, 76 

Sulphur-mercury theory, 288 

Sun: distance of, from earth, 97-98 

Supernatural, the: as distinct from the natu- 
ral, 8, 27, 44; defined, 27; in Epicurean 
thought, 78; in medieval thought, 200-1, 
221, 231, 235. See also Naturalism 

Surgeons, 339, 342 

Surgery, 18, 324, 329, 339-42 

Swerve: in Epicurean philosophy, 79-80 

Swineshead, Richard, 295, on motion, 307 

Sylvester II (pope), 188. See also Gerbert of 
Aurillac 

Symonds, John A., 356-57 

Syriac, 165, 169 


Technology: medieval, 190; relationship of, 
to science, 1, 3,5 

Teleology: denunciation of, by Lucretius, 
140; in Aristotle, 53-54; 362; in Galen, 
130, 131, in Stoic thought, 83; in Theo- 
phrastus, 75. See also Final cause 

Temperature, 296 

Tempier, Etienne, 236-40 

Tension: Stoic theory of, 82 

Terrestrial region, 54-55, 82, 162, 247, 250, 
252, 275 

Tertullian, 120, 150, 321 

Thabit ibn Qurra, 170, 177, 252, 269 

Thales, 25, 27, 29 

Themistius, 162 

Theodoric of Freiberg, 253 

Theodoric the Ostrogoth, 148 

Theological studies, 193-96, 206, 209, 211, 
229, 240-41 

Theology: as a science, 4; relationship of, to 
philosophy, 201, 221, 223, 227, 229-38, 
240-42, 261; relationship of, to science, 
250, 260-61, 293 

Theophrastus, 47, 74-75, 139, On Stores, 
75 

Theorica planetarum (Theory of the Plan- 
ets), 271-72 

Theriac, 335 

‘Thierry of Chartres, 198, 203, 246 

Thorndike, Lynn: on the medieval scientific 
achievement, 357 

Tides, 274, 277 

Time-keeping, 184, 263 

Tio (African wibe), 8 

Titus, 141 

Toledan Tables, 268, 272 
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Toledo, 180-81, 204; as a center of transla- 
don, 327 

Translation: from Arabic to Latin, 197, 
203-6, 215, 246, 268-69, 277, 279, 288, 
303, 312, 326-27, 364; from Greek to Ara- 
bic, 165, 168-71, 180, 263, 288, 303, 308, 
323; from Greek to Latin, 147-49, 156, 
197, 203, 205-6, 215, 246, 269, 277, 279, 
312, 317~18, 323, 351, 364; from Greek to 
Syriac, 165; into European vernacular łan- 
guages, 332, 341, 351 

Transmutation: of the elements, 41, 56, 252, 
279, 283, 287-88 

Trephining, 342 

Trepidation, 177 

Trigonometry, 102; spherical, 263 

Trinity (divine), 232 

Trivium: defined, 138 

Trojan War, 21 

Tropic of Cancer, 90-91 

Tropic of Capricorn, 90-91 

Trotula (Trota), 328-29 

Tübingen: university of, 332 

Turin: university of, 332 

Two-sphere model of the cosmos, 42-43, 
90-91 


Ulugh Beg, 264 

Umayyads, 166, 168, 180 

Underlying ceality: the question of, 27-32, 
35-39, 44, 48 

Universities: as guilds, 207-8; curriculum 
of, 211-12, 216-18, 222, 241, 364; enroll- 
ments in, 209; internal organization of, 
208; origins of, 206-8; relationship of, to 
the church, 209. See also under the 
names of particular universities 

Unmoved mover, 62, 251, 275 

Urinalysis: as a diagnostic tool, 126, 331, 
335-36 

“Urhman, 166 


Vacuum, See Void 

Varro, 144, 146; Nine Books of Disciplines, 
138 

Veins, 120, 122, 127, 128 

Velocity: as a measure of motion, 294-96, 
304, 306-7, 367; as a technical term, 60; 
Instantaneous, 295 

Vena cava, 128 

Venus: sun-linked motion of, 91, 97, 144, 
147, 268 


Vesalius, Andreas, 345 

Vespasian, 141 

Vich, 188, 190 

Virgil, 193 

Vision, 368; Aristotle's theory of, 67-68; 
atomistic theories of, 105, 308; extramis- 
sion theories of, 75, 105-6, 308-9, 311, 
313; Greek theories of, 308-9; intromis- 
sion theories of, 105, 308~9, 311-13; 
Islamic theories of, 309-12; mathematical 
theories of, 105-6, 308-9, 311, 313; Plato’s 
theory of, 42, 105; Theophrastus'’s theory 
of, 75; theories of, in medieval Europe, 
313, 315 

Vital heat: Aristotle on, 65-66; Galen on, 
127-29; Theophrastus on, 75 

Vitruvius, 140 

Vivarium, 156, 318 

Vivisection: human, 120 

Void, 30, 78, 80, 129, 238-41, 365; Aristotle 
on nonexistence of, 56; extracosmic, 248; 
motion in, 56, 304—5; Stoic theory of, 81; 
Strato on, 77 

Voltaire, François Marie Arouet de, 356 

Voyages of exploration, 257 


Water: as an element, 31; as the underlying 
reality, 29 

Water wheel, 190 

Wearmouth (monastery of), 158 

Weights, science of, 108-10, 294 

Wheel: invention of, 5 

William of Auxerre, 217 

William of Conches, 200-1, 221; Philosophy 
of the World, 200 

William of Moerbeke, 205 

Wirelo: on light and vision, 313, 315 

Wounds, 118 

Writing: alphabetic, 11-13, 27; hieroglyphic, 
11; invention of, 11-12; relationship of, to 
the origins of philosophy and science, 
12-13, 27; wide dissemination of, among 
the Greeks, 13 


Yahya ibn Barmak, 168 
Yates, Frances, 360 
York, 185 


Zarqali, al-, 268 

Zeno (of Elea), 35; on change and stability, 
33 

Zeno of Citium, 73, 80 


Zeno’s paradoxes, 33 
Zeus, 21-23, 31 
Zodiac, 89: defined, 17; signs of, 279 


Index 455 


Zoology: medieval, 350-53; of Albert the 
Great, 230; of Aristotle, 63-66 
Zoroastrianism, 163 


